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INTRODUCTION 

This  progress  r e p o r t  desc r ibes  research  i n  quantum e l e c t r o n i c s  involv ing  

t h e  phys ics  of laser r a d i a t i o n  which has  been made p o s s i b l e  by NASA Grant 

NGR 21-002-022. It has  provided t h e  major support  f o r  t h e  work on c o r r e l a t i o n  

e f f e c t s  i n  laser r a d i a t i o n ,  t h e  e x p l o i t a t i o n  of t h e s e  e f f e c t s  i n  t h e  s c a t t e r i n g  

of laser l i g h t  from f l u c t u a t i o n s  i n  o p t i c a l  media, s t u d i e s  on t h e  propagat ion 

of s h o r t  laser  pulses ,  and o p t i c a l  r a d a r  measurements of micrometeorite dens i ty  

i n  t h e  upper atmosphere. 

descr ibed  through t'he suppor t  of a research  a s soc ia t e ,  a t echn ic i an ,  a f a c u l t y  

It has  contr ibuted.  s i g n i f i c a n t l y  i n  t h e  o the r  areas 

re sea rch  a s s i s t a n t ,  and a s e c r e t a r y  f o r  the  group, whose s e r v i c e s  are shared  

by a l l  members of t h e  group. Other support  f o r  t h e  r e sea rch  has been provided 

by t h e  Advanced Research P r o j e c t s  Agency and by t h e  Bureau of Ships .  Tn a 

u n i v e r s i t y  r e sea rch  group i t  is  n e i t h e r  poss ib l e  nor  d e s i r a b l e  t o  compartmentalize 

completely t h e  r e s e a r c h  supported by var ious  agencies .  

The g r a n t  has supported t h e  summer s a l a r i e s  of two f a c u l t y  members, 

honora r i a  and t ravel  expenses f o r  v i s i t i n g  p h y s i c i s t s  and seminar speakers ,  

sa lar ies  of t e n  d i f f e r e n t  graduate  s tuden t s  f o r  'varying per iods ,  f i v e  NSF summer 

s t u d e n t s ,  and s e v e r a l  par t - t ime undergraduate r e sea rch  a i d e s .  

The s tab le  laser r e sea rch  i n  the E l e c t r i c a l  Engineering Depar tmen t  has 

b e n e f i t e d  from the assignment of a physics  g radua te  s tuden t  t o  assist 2n t h e  

work i n  which we enjoy  a c l o s e  co l l abora t ion .  
I 
I Th,e d e s i g n  of t h e  experiment on laser ranging t o  corner  r e f l e c t o r s  on the  

moon has n o t  been e x p l i c i t l y  supported by t h i s  NASA gran t ,  But has  Benef i ted  

from t h e  r e s e a r c h  environment t h e  g r a n t  has helped t o  e s t a b l i s h .  

h e r e  because  of i t s  r e l a t i o n  t o  t h e  technology of o p t i c a l  space communication 

It is included 

I of i n t e r e s t  t o  t h e  O f f i c e  of Advanced Research and Technology. 
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C U R E N T  RESEARCH PROGRAM 

I. CORRELATION EFFECTS I N  LASER RADIATION 

Experiments are now under way i n  t h i s  l abora to ry  t o  s tudy  t h e .  

i n t e n s i t y  f l u c t u a t i o n s  i n  l i g h t  from a CW gas LASER ope ra t ing  i n  t h e  

th re sho ld  reg ion ,  u s ing  single-photon count ing and coincidence tech- 

n iques  t o  supplement analog c o r r e l a t i o n  measurements. It has  now 

been e s t a b l i s h e d  by r ecen t  t h e o r e t i c a l  and experimental  develop- 

ments2 he re  and i n  o t h e r  l a b o r a t o r i e s  t h a t  i n t e r e s t i n g  photon cor- . 

r e l a t i o n  e f f e c t s  are t o  be found j u s t  i n  t h i s  reg ion  of LASER opera- 

-. 

1 

t i o n .  

The necessary e l e c t r o n i c  equipment has  been cons t ruc ted  and 

assembled t o  permit  pre l iminary  measurements of o p t i c a l  i n t e n s i t y  

f l u c t u a t i o n s  over t h e  t i m e  range 10 t o  seconds. I n i t i a l  tests 
-7 

on thermal  sources  i n d i c a t e  t h e  equipment i s  performing as designed 

and t h a t  i t  can be appl ied  t o  some measurements of LASER i n t e n s i t y  

1, See f o r  example t h e  papers  3A-1 and 3A-2 presented  a t  t h e  1966 
I n t e r n a t i o n a l  Quantum E lec t ron ic s  Conference i n  Phoenix, Arizona. 
D iges t s  appeared i n  IEEE Jou rna l  of Quantum E lec t ron ic s ,  QE-2, 
No. 4, A p r i l  (1966). Se lec ted  papers from the  conference are t o  
appear  i n  two e a r l y  f a l l  i s s u e s  of t h e  IEEE J o u r n a l  of Quantum 
E l e c t r o n i c s .  

"Theory of Noise i n  Sol id-s ta te ,  Gas, and Semiconductor 

"Quanmm Noise and k p i i r u d e  Noise i n  LASEG", by B. Lax 
LASERS", by H. Haken. 

and W. H. L o u i s e l l .  

S i m i l a r  matters were p resen t  f o r  d i scuss ion  a t  t h e  1966 Rochester 
Conference on Coherence and Quantum Opt ics  by the  same authors .  

2. See  f o r  example t h e  papers  1A-1 and lA-2 presented  a t  t h e  1966 Phoenix 
Conference ( p u b l i c a t i o n  discussed above) . 

"Photoelectron S t a t i s t i c s  Produced by a LASER Operating 
below and above t h e  Threshold of Operation", by C. Freed 
and H. A. Haus, 

"Observation of Photon Counting D i s t r i b u t i o n s  f o r  Laser Light  
Below and Above Threshold", by A. W. Smith and S. A. Armstrong. 

S i m i l a r  matters were presented  f o r  d i scuss ion  a t  t h e  1966 Rochester 
Conference on Coherence and Quantum O p t i c s  by t h e  same authors .  
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f l u c t u a t i o n s ,  

P resen t  e f f o r t s  are devoted t o  t h e  s e r i o u s  problem of s t a b i l i z i n g  

our  CW laser i n  t h e  threshold  region aga ins t  long-term d r i f t s ,  a problem 

aggravated by t h e  slow d a t a  a c q u i s i t i o n  ra te  of t h e  p re sen t  e l e c t r o n i c s .  

"Breadboard" c i r c u i t r y  and measurements of d r i f t  rates i n d i c a t e  t h a t  

feedback c i r c u i t s  now under cons t ruc t ion  w i l l  s a t i s f a c t o r i l y  s t a b i l i z e  

our LASER i n  t h e  c r i t i c a l  th re sho ld  region.  I f  t h e  s t a b i l i z a t i o n  i s  

s u c c e s s f u l ,  i't w i l l  be  due i n  g r e a t  p a r t  t o  t h e  s t a b i l i t y  of t h e  gas 

d i scha rge  i n  t h e  LASER tube  w e  are using.  The d ischarge  tube  uses  t h e  

low-current-density aluminum e lec t rodes  designed by D r .  Hochuli of t h e  

Un ive r s i ty  of Maryland, Department of Electr ical  Engineering,'  and t h e  

d i scha rge  cu r ren t  is  r egu la t ed  t o  wi th in  a few p a r t s  p e r  m i l l i o n  a t  any 

v a l u e  from 2-5 mA. by a c o n t r o l  c i r c u i t  cons t ruc ted  i n  t h i s  labora tory .  

We look forward t o  making measurements on one of t h e  u l t r a - s t a b l e  CW 

LASERS t h a t  D r .  Hochuli  i s  now developing, i n  which t h e  e f f e c t s  of cavi-  

t y  l eng th  changes w i l l  be  g r e a t l y  reduced even be fo re  feedback compen- 

s a t i o n ,  

A c a r e f u l  s tudy  of sys t ema t i c  e f f e c t s  and t h e  exper ience  of o t h e r  

i n v e s t i g a t o r s  have convinced us  t h a t  t h e  measurement of small e f f e c t s  

i n  t h e  th re sho ld  reg ion  of LASER opera t ion  even tua l ly  demands a more 

2 

s o p h i s t i c a t e d  data-recording system. Higher da t a -acqu i s i t i on  rates not  

on ly  reduce t h e  s t a t i s t i ca l  u n c e r t a i n t i e s  i n  t h e  f i n a l  measurements bu t  

a l s o  reduce  t h e  sys t ema t i c  e r r o r s  introduced by t h e  remaining small 

........................ 
0 

1. "Cold Cathodes f o r  P o s s i b l e  Use i n  6328 A S ing le  Mode He-Ne Gas 
Lasers", by U. Hochuli and P o  Haldemann, Rev. Sc i .  I n s t r .  36, 
1493 (1965). 

2. See  Footnote No. 2,  on Page 2 
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longterm d r i f t s  i n  ope ra t ing  p o i n t  of t h e  LASER, The des ign  of such a 

system has been p a r t i a l l y  complbted. 

Well above threshold ,  a CW laser s t a b i l i z e d  aga ins t  long-term d r i f t s  

p rovides  a n e a r l y  monochromatic l i g h t  source  of e s s e n t i a l l y  cons t an t  

i n t e n s i t y ,  Such, a source  can then be used t o  s tudy f l u c t u a t i o n s  i n  

l i g h t  s c a t t e r e d  from o r  t r ansmi t t ed  through a medium due t o  i n t e r a c t i o n s  

w i t h  t h e  medium i t s e l f .  

f l u c t u a t i o n s  i n  CW LASERS nea r  th reshold  g ives  us  t h e  a b i l i t y  t o  produce 

and c a l i b r a t e  such a sourcee  

ca l  Media", Sec t ion  11, below.) 

Our experience wi th  s t a b i l i z i n g  and measuring 

(See "Sca t t e r ing  from F luc tua t ions  i n  Opti- 

11. SCATTERING FROM FLUCTUATIONS I N  OPTICAL MEDIA 

A. Appl ica t ion  of Photo-Beat Techniques t o  t h e  Measurement of 

B r i l l o u i n  S c a t t e r i n g  and I n e l a s t i c  Rayleiah S c a t t e r i n g  

Light  s c a t t e r e d  i n e l a s t i c a l l y  i n  s o l i d s  and l i q u i d s  can be s tud ied  

by b e a t i n g  t h e  l i g h t  s c a t t e r e d  from a LASER beam wi th  i t s e l f  o r  w i th  

p a r t  of t h e  i n c i d e n t  r a d i a t i o n  i n  p h o t o e l e c t r i c  d e t e c t o r .  S tud ie s  of 

t h e  a p p l i c a t i o n  of t h i s  technique t o  B r i l l o u i n  s c a t t e r i n g  i n  s o l i d s  and 

l i q u i d s  l e d  t o  i n t e r e s t  i n  a r e l a t e d  subjec t :  t h e  d i f f u s i o n  broadening 

of LASER r a d i a t i o n  s c a t t e r e d  by concent ra t ion  f l u c t u a t i o n s  nea r  c r i t i c a l  

poin ts .  a s s o c i a t e d  wi th  phase t r s n s l t i e n s  i ~ !  h ica ry  Ifc;r;ids., 

I n  t h i s  l abora to ry  D r ,  J. A. White, M r ,  J. S. Osmundson, and M r .  B, 

H. Ahn have  been s tudying  t h e  f l u c t u a t i o n s  i n  l i g h t  s c a t t e r e d  from thermal  

f l u c t u a t i o n s  i n  f l u i d s .  Following t h i s  r e p o r t ,  a COPY of an a r t i c l e  
- - __. 

pub l i shed  in Phys ica l  Review L e t t e r s  desc r ibes  some of t h e i r  measurements 

of l i g h t  s c a t t e r e d  from thermal  f l u c t u a t i o n s  i n  t h e  d i e l e c t r i c  cons tan t  

i n  a s o l u t i o n  of macromolecules, using t h e  Benedek method of s e l f -bea t ing  
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t h e  s c a t t e r e d  l i g h t  i n  a square-law d e t e c t o r  (a  p h o t o m u l t i p l i e r ) ,  

The same method app l i ed  d i r e c t l y  t o  t h e  output  of a Spectra-Physics 

Type 115 He-Ne Laser provided upper l i m i t s  on t h e  l a c k  of s p e c t r a l  

p u r i t y  i n  t h e  l i g h t  i n  a s i n g l e  laser mode (-3H2,) and of t h e  amplitude 

i n s t a b i l i t y  of t h e  output ,  analyzed i n t o  i t s  frequency components, I n  

t h e  process  of s t r i v i n g  f o r  maximum s i g n a l / n o i s e  r a t i o  i n  t h e  s c a t t e r i n g  

work and minimum i n r e r f e r e n c e  from bu i ld ing  v i b r a t i o n s ,  e t c . ,  many de- 

velopments i n . v i b r a t i o n  i s o l a t i o n ,  i n  improving t h e  amplitude s t a b i l i t y  

of t h e  laser emission, and i n  e l imina t ing  spur ious  s i g n a l s  i n  the  de tec-  

t i o n  process  were made, 

One of t h e  i n t e r e s t i n g  unexpected r e s u l t s  of t h e  r e sea rch ,  which 

was d i r e c t e d  p r i n c i p a l l y  toward a g r e a t e r  understanding of c r i t i c a l  

phenonena, was t h e  observa t ion  that- r e l a t i v e l y  f a r  from a c r i t i c a l  

p o i n t  i t  seems t o  be  p o s s i b l e  t o  determine t h e  d i f f u s i o n  v e l o c i t y  cor- 

responding t o  t h e  Brownian motion of i n d i v i d u a l  molecules a t  l eas t  as 

small as 100 a c r o s s o  The l i g h t - s c a t t e r i n g  technique f o r  s tudying  

d i f f u s i o n  i n  l i q u i d s  w i l l  g ive  information on t h e  i n t e r a c t i o n s  of macro- 

molecules  of t h e  sam2 t ype  as has  been obtained f o r  atomic d i f f u s i o n  

from t h e  s c a t t e r i n g  of neut rons ,  

i n fo rma t ion  on t h e  microscopic  viscous i n t e r a c t i o n  between a l a r g e  

molecule  and i t s  environment? (See, f o r  example, t h e  proceedings of 

v a r i o u s  symposia on t h e  I n e l a s t i c  S c a t t e r i n g  of Neutrons i n  S o l i d s  and 

L iqu ids ,  publ ished by t h e  I n t e r n a t i o n a l  Atomic Entrgy Agency i n  Vienna, 

e s p i c i a l l y  t h e  a r t i c l e  "Neutron S c a t t e r i n g  by 'Normal' Liquids" by P. G,  

de  Gennes on p -  239 of t h e  1960 proceedings) ,  Also l i g h t  s c a t t e r i n g  wi th  

It w i l l  g ive  prev ious ly  unava i l ab le  



h igh- in t ens i ty  laser beams o f f e r s  t he  p o s s i b i l i t y  of measuring higher-  

order  c o r r e l a t i o n  func t ions  of d i f f u s i o n  v e l o c i t i e s .  

S t u d i e s  of t h e  i n e l a s t i c  Rayleigh s c a t t e r i n g  are cont inuing  t o  see 

how s m a l l  molecules can be  and s t i l l  be discerned by t h e  technique, and 

t o  s tudy  c r i t i c a l  phenomena i n . o t h e r  b ina ry  and pure  f l u i d s ,  Among pure 

f l u i d s ,  xenon i s  being s tud ied  i n  a n i n i t i a l e x p e r i m e n t ,  and some t i m e  

w i l l  b e  spent  on carbon d ioxide ,  f o r  checking our r e s u l t s  aga ins t  t hose  

of o t h e r  i n v e s t i g a t o r s .  It i s  a n t i c i p a t e d  t h a t  c r i t i c a l  s t u d i e s  w i l l  

be  cont inued t o  o t h e r  f l u i d s ,  i n  order  t o  ge t  improved informat ion  on 

the r o l e  of in te rmolecular  i n t e r a c t i o n s  on t h e i r  dynamics, 

Pre l iminary  s t u d i e s  have been made of apparatus  requirements f o r  

doing B r i l l o u i n  s c a t t e r i n g  i n  t h e s e  same and o the r  materials. 

Fabry-Perot i n t e r f e romete r  has  been b u i l t  and t e s t e d .  It is  planned t o  

exp lo re  e s p e c i a l l y  t h e  p o s s i b i l i t y  of us ing  photo-beating mechods i n  

the B r i l l o u i n  s c a t t e r i n g ,  i n  o rde r  t o  o b t a i n  e s p e c i a l l y  p r e c i s e  i n f o r -  

mation of l i n e  spac ings  and widths ,  the former be ing  determined by t h e  

v e l o c i t y  of hypersonic  waves and t h e  la t ter  by t h e  a t t e n u a t i o n  of t h e s e  

waves 

A small  

B, Photon Counting and Coincidence Measurements of Cor re l a t ions  

3- r - - i - - . - i  
111 L L L C L ~ ~ L I C  a C d L L e r i i i g  of L i ~ h t  

When l i g h t  from a monochromatic source  of cons tan t  i n t e n s i t y  

( s t a b l e  CW LASER) is s c a t t e r e d  from f l u c t u a t i n g  exc icac ions  i n  an 

o p t i c a l  mediua, t h e  c o r r e l a t i o n s  i n  t h e  s c a t t e r e d  e lec t romagnet ic  f i e l d  

c o n t a i n  inforinatfon about che f l u c t u a t i o n s  t h a t  i s  r e a d i l y  a c c e s s i b l e  

t o  exper imenta l  measurement, Analog photo-beating techniques f o r  s tudying  

ine las t ic  Rayleigh s c a t t e r i n g  have already been d iscussed  i n  t h e  preceding 
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s e c t i o n ,  When c h a r a c t e r i s t i c  f l u c t u a t i o n  t i m e s  are very  s h o r t  and in t en -  

s i t ies  low, s o  t h a t  only a few s c a t t e r e d  photons are a v a i l a b l e  dur ing  che 

time f o r  which a t y p i c a l  f l u c t u a t i o n  p e r s i s t s ,  s i n g l e  photoe lec t ron  count- 

i n g  and coincldence techniques o f f e r  a convenient method of ob ta in ing  in-  

formation about t h e  f luc tua t ions . .  

be ing  developed i n  t h i s  l abora to ry  by D r .  R, Detenbeck and M r ,  R, Chang. 

These w i l l  permit  s t u d i e s  of short- t ime f l u c t u a t i o n s  i n  l i g h t  s c a t t e r e d  

by t r anspa ren t  media, 'The use  of f a s t  n-fold coincidence techniques per- 

m i t s  a c m v e n i e n t  ex tens ion  of t h e  methDd of s t u d i e s  of higher-order  cor- 

r e l a t i o n s  than t h e  i n t e n s i t i e s  (second o rde r  i n  amplitude) themselves,  

One g o a l  of t h e  developrnenc i s  the  s tudy  of f l u c t u a t i o n s  i n  l i g h t  

Fast  photoelectron-count ing mechods are 

s c a t t e r e d  by t r anspa ren t  media drle ro  e x c i t a t i o n s  of very  s h o r t  l i f e t i m e s  

(lO-'sec, o r  less).  I t  has  been suggested by A, L, Fetcer '  t h a t  i n t en -  

s i t y  c o r r e l a t i o n s  i n  Raman-scattering l i g h t  can be  used t o  determine 

o p t i c a l  phonon l i f e - t imes .  No measurements of o p t i c a l  phonon l i f e t i m e s  

i n  t h e  momentum r e g i m  a x e s s i b l e  t o  o p t i c a l  Raman s c a t t e r i n g  have y e t  

been made, t o  t h e  b e s t  of our  knowledge, 

Our i n i t i a l  equipment development has  been d i r e c t e d  towards less 

ambit ious goa l s  where phocoelectron-counting techniques can make impor- 

t an t  immediate con t r ibu t ions  t o  s t u d i e s  of t h e  genera t ion  and propaga- 

t i o n  of laser l i g h r  beams. In  add i t ion  t o  srudying t h e  photon s t a t i s -  

tics of l i g h t  from t h e  laser i c s e l f  the  photon count ing and coincidence 

techniques  are about t o  be app l i ed  t o  measurements of d i f f u s i o n  of macro- 

molecules ,  

n iques  to t h e s e  measurements, s h o r t  coherence times (of t h e  order  of 

sec,) and low s c a t t e r e d  i n t e n s i t i e s ,  lead n a t u r a l l y  t o  t h e  use  of f a s t  

1, A, L, F e t t e r ,  Phys, Rev, 139A, 1616 (19651, 

The difficulties encountered i n  extending t h e  analog tech-  

--------------------____I______o_ 
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photon-counting and coincidence techniques.  

and techniques which g r e a t l y  extend our a b i l i t i e s  i n  t h i s  areao 

We have developed equipment 

The development of equipment f o r  t h e  photon-counting i n t e n s i t y -  

f l u c t u a t i o n  experiments has been s t rong ly  inf luenced  by our  exper ience  

i n  t h e  op t i ca l - r ada r  a tmospheric-scat ter ing experimento 

of t h e  single-photoelectron-cmnting requirements of t h e  op t i ca l - r ada r  

I n  t h e  contex t  

experiment,  100 MHz c i r c u i t r y  made by bo th  Chronet ics  (Nanologic series) 

and Edgerton Germeshausen and Grier (M100 s e r i e s )  w a s  borrowed and eval-  

ua ted ,  

system f o r  t h e  o p t i c a l  ranging and an i n d i c a t i o n  of a "zero-order" 

system f o r  t h e  s tudy of i n t e n s i t y  f luc tuac ions ,  

From t h e s e  experiences t h e r e  evolved a workable phoEon-counting 

Ins t rumenta t ion  for t h e  measurement of i n t e n s i t y - f l u c t u a t i o n  cor- 

r e l a t i o n s  by photon-counting and coincidence techniques has  been under 

development s i n c e  t h e  s p r i n g  of 1966,'  Our pre l iminary  system uses  an 

RCA t y p e  7265 pho tomul t ip l i e r  and E G G  lOOMHz count ing equipment t o  

measure t h e  number of photoe lec t rons  counted during a g a t i n g ' t i m e  T 

from a single phototube,  Our ana lys i s  of t h i s  system, toge the r  w i th  

pub l i shed  measurements on newer phototubes i n d i c a t e s  t h a t  t h i s  type  . 

of measurement i s  s u i t a b l e  f o r  times T down t o  about 10"- lo-' seconds,  

The e l e c t r o n  c o l l e c t i o n  t i m e  of t h e  pho tomul t ip l i e r  is  t h e  l i m i t i n g  
, 

f a c t o r ,  

t i m e  of t h e  f i e l d ,  o t h e r  (coincidence) techniques are requi red  to measure 

Since t h e  count ing time must b e  a h o r t e r  t han  t h e  coherence 

f l u c t u a t i o n s  of s h o r t e r  c h a r a c t e r i s t i c  times. The ins t rumenta t ion  can 

now make meaningful measuremgnts with count ing t i m e s  T of one-half micro- 

second o r  more. This is  adequate f o r  s 'tudying f l u c t u a r i o n s  i n  laser r a d i -  

a t i o n  and f o r  s tudying  d i f f u s i o n  of macromolecules, al though mare sophis-  

t i c a t e d  data-handl ing equipment i s  needed f o r  t h e  f i n a l  measurements. 
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Addi t iona l  work on t h e  extension of t h e s e  techniques  t o  much s h o r t e r  

t i m e  scales is  under way. 

111. OPTICAL RADAR MEASUREMENT OF MICROMETEORITE DENSITY I N  THE 

- _  .UPPER ATMOSPHERE 

During the  pe r iods  of October t o  December and February t o  A p r i l  of 
- - - .- 

t h e  p a s t  year ,  a h igh  power ruby laser and 20" t e l e s c o p e w e r e  used 

t o  measure the s c a t t e r i n g  c ross -sec t ion  of dus t  p a r t i c l e s  i n  t h e  upper 

atmosphere as a func t ion  of h e i g h t ,  

r epor t ed  i n  Nature ( see  pape r -  fol lowing) .  Before t h e  second per iod,  

improvements were made t o  reduce the background n o i s e  and to extend t h e  

Resul t s  of t h e  f i r s t  pe r iod  were 
- -  - 

lower l i m i t  of t h e  he igh t  range from 80 km t o  60 km. 

the second per iod  showed marked improvement i n  t h e s e  two respects and 

The r e s u l t s  of 

confirmed our  f i r s t  r e s u l t s .  The r e s u l t s  of t h e  second per iod have 

n o t  y e t  been r epor t ed ,  These w i l l  be  combined wi th  t h e  r e s u l t s  of a 

t h i r d  run which is now i n  progress .  

r a d a r  has Been made which f u r t h e r  reduces t h e  background and which 

One f i n a l  improvement t o  t h e  

ex tends  t h e  lower h e i g h t  l i m i t  t o  40 km, Although t h e r e  is s t i l l  some 

cont roversy  i n  t h e  l i t e r a t u r e  as t o  t h e  e x i s t e n c e  of t h e s e  dus t  p a r t i -  

cles, w e  are conf ident  of our  r e s u l t s ,  This  confidence i s  supported 

by r e c e n t  i n  s i t u  measurements of che p a r t i c l e  s i z e  and t h e  concentra- 

t i o n  of  n o c t i l u c e n t  c louds a t  80 km, 1 A colmunicatfon of t h i s  support-  

i n g  ev idence  i s  being readied  f o r  pub l i ca t ion ,  

1, Hemenway, Soberman, and W i t t ,  Te l lus  l6, 84 (196410 
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I V ,  STIMULATED ROTATIONAL RAMAN SCATTERING I N  NITROGEN 

The i n i t i a l  a t tempts  t o  observe t h e  s t imu la t ed  Raman s c a t t e r i n g  

from r o t a t i o n a l  l e v e l s  of Nitrogen d id  no t  succeed due t o  t h e  l a r g e  

beam divergence of t h e  laser output ,  This i s  c o n s i s t e n t  w i th  calcu- 

l a t i o n s  of t h e  chreshold made by D r .  Alexander Glass (p r ivace  communi- 

c a t i o n ) +  At t en t ion  was t h e r e f o r e  placed on a s tudy of t h e  beam diver -  

gence and i t s  reduct ion .  

produced a laker output  wi th  90% of i t s  output  w i t h i n  a f u l l  angle  of 

20 m i l l i r a d i a n s  f o r  both of che a v a i l a b l e  laser c r y s t a l s ,  

t h e  l eng th  of t h e  c a v i t y  halved t h i s  angle  a t  t h e  same output  level. 

However, observa t ion  of t h e  s t imula ted  s c a t t e r i n g  appears  t o  r e q u i r e  a 

beam divergence of one m i l l i r a d i a n  o r  smaller, Thus a d d i t i o n a l  means 

Measurements showed t h a t  t h e  p re sen t  K2-Q 

Doubling 

f o r  ob ta in ing  che s m a l l  beam divergence were sought,  

p re sen ted  themselves.  

Two a l t e r n a t i v e s  

The s t r a igh t fo rward  approach of convercing t h e  

K2Q t o  ail a m p l i f i e r - o s c i l l a t o r  un'it ( K 1 5 0 0 1  which would-provide. t h e  re- 

q u i r e d  beam was temporar i ly  out  of t h e  ques t ion  due t o  f i n a n c i a l  reasons 

and t o  t h e  need f o r  t h e  K2-Q i n  t h e  o p t i c a l  radar work, 

The o t h e r  approach t r i e d  was the use  of t h e  r e c e n t l y  observed 

phenomenon of self-focusing '  t o  i nc rease  t h e  l eng th  of t h e  beam with- 

i n  which a given pawer could produce t h e  s t imu la t sd  Raman e f f e c t ,  

Although the  th re sho ld  f o r  se l f - focus ing  w a s  lower than  t h e  power 

ou tpu t  of many lasers, t h e  e f f e c t  had no t  y e t  been seen  o r  s t u d i e d  

i n  a i r  a t  one a t m ,  Work w a s  thus  s t a r t e d  t o  observe and make use  of 

1, Chiao, e t  a l ,  Phys" Rev- Letters l3, 479 (19651, 
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t h i s  phenomenon i n  a i r ,  However, the K2-Q output  proved a l s o  t o  be 

h igh ly  inhomogeneous h i t s  s p a t i a l  behavior ,  Correct  l o c a t i o n  of 

diaphragms l e f t  a uniform beam, b u t  one whose power w a s  below t h e  

se l f - focus ing  th re sho ld ,  No se l f - focus ing  e f f e c t s  were observed, 

To o b t a i n  t h e  necessary  uniform beam, w e  must aga in  consider  t h e  

conversion t o  an o s c i l l a t o r - a m p l i f i e r  laser system, Once t h i s  i s  

done, f u r t h e r  a t tempts  t o  observe b o t h . t h e  s t imu la t ed  r o t a t i o n a l  

Raman s c a t t e r i n g  and t h e  se l f - focus ing  phenomenon w i l l  be begun. 

V, PROPAGATION OF SHORT LASER PULSES 

A,  Precursor  Waves 

The r e l a t i o n s  of "precursor  waves" t o  t h e  s i g n a l  v e l o c i t i e s  of 

l i g h t  i n  va r ious  media, i n  t h e  theory of B r i l l o u i n  and Sommerfeld 

and i ts  modern ex tens ions ,  have been under s tudy ,  

been app l i ed  i n  d e t a i l  t o  t h e  problem of a c t u a l l y  observing precur-  

sors exper imenta l ly  i n  p a r t i c u l a r  absorbing or amplifying ( l i n e a r )  

media, 

and presenc  Q-switched o r  mode-locked LASERS, che precursor  e f f e c c s  

would b e  unobservably smal l  i n  che cases s o  f a r  cons idered .  

is con t inu ing  t o  a s c e r r a i n  the  most gene ra l  requirements f o r  observable  

p r e c u r s o r  waves and t o  d iscover  an o p t i c a l  marerial i n  which t h e  e f f e c t  

i s  observable  w l t h  p re sen t  techniques - 

The t h e o r i e s  have 

With s tace-of - the-ar t  techniques i n  fasr:  s i n g l e  phocon t iming 

Analysis  

B. Generat ion of Shor t  LASER Pulses  

Experimental  work has begun on a shor t -pulse  genera tor  c o n s i s t i n g  

of a He-Ne LASER wizh an i n t e r n a l  v a r i a b l e  l o s s ,  Driven a t  t h e  c o r r e c t  

f requency ,  t h e  i n t e r n a l  loss serves t o  lock  t h e  many a x i a l  modes of t h e  

LASER, thereby  producing shorr: pulses  (one nanosecond) as descr ibed  by 
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Hargrave e t  al. ' 'The v a r i a b l e  l o s s  device i s  an u l t r a s o n i c a l l y  dr iven  

qua r t z  b lock ,  The b lock  and t ransducer  have a l ready  been designed and 

purchased: They w i l l  s h o r t l y  be  placed w i t h i n  t h e  o p t i c a l  cav i ty  of a 

LASER which was cons t ruc ted  i n  our l abora tory  and mounted 3n a f l a t ,  v i -  

b ra t fon - f r ee  c a b l e  b u i l t  f o r  t h i s  experiment, 

We ha-qe twc primary motivat ions f o r  developing t h i s  type  of sho r t -  

Long-range p l ans  inc lude  modi f ica t ion  of t h e  LASER t o  p u l s e  g e n s r a t x ,  

t he  r i n g  type; and i n v e s t i g a t i o n  of the  e f f e c t s  of t h e  va r i ab le - los s  

device  i n  t h a t  zonf igu ra t ion -  More immediately, w e  a r e ' p r e p a r i n g  t o  

compare measurements of p u l s e  lengths  made by convent ional  and uncon- 

v e n r i o n a l  techniques in t h e  nanosecond reg ion  where both are app l i cab le .  

This comparison w i l l  a i d  i n  f n t e p r e t a t i o n  of measurements of u l t r a s h o r t  

' (picosecond) pulses ,  such as those  repor ted  by D e  Maria et a l e 2  A c r y s t a l  

t o  gene ra t e  che sec3n3 harmonic of the  laser l i n e ,  which can be used to 

i n f e r  t h e  width of even t h e  u l t r a s h o r t  pu l se s ,  has  been ordered,  Also, a 

scanning Fabry-Perot incovEerometer has  been assembled t o  measure t h e  

number of modes which are locked. Conventional means of measuring pu l se  

wid ths  i n  t i m e  can be appl ied  t o  the same nanosecond pu l ses  from t h e  He- 

Ne LASER measured by t h e  second-harmonic technique,  

I A t h e o r e t i c a l  I n v e s t i g a t i o n  i s  be ing  made of t h e  photon c o r r e l a t i o n s  

I 
1, Lo E ,  Hargrave, R, L n  Fork, and M, A, Pol lack ,  Applied Phys. Le t t r s ,  

- 5 ,  4 (19641, 
I 

I 2 ,  A,  J- De Maria, D ,  A .  S t e t s e n ,  and H, Heynau, Paper 4A-7 presented  
a t  t he  1966 In te r r iac lona l  Conference on Quantum E l e c t r o n i c s  a t  

Phoenix Arizona, 
Quantum E l e c t r o n i c s ,  QE-2, No. 4, f 3 r  a d i g e s t  of t h e  paper ,  
paps r s  from t h e  conference w i l l  b e  preseaced i n  full i n  f a l l  1966 i s s u e s  
of t h e  same j o u r n a l ,  

See t h e  Apr i l  1966 i s s u e  of t h e  IEEE Jou rna l  of 
Se lec t ed  
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and photon-counting s t a t i s t i c s  i n  the  e lec t romagnet ic  f i e l d  from a r b i t r a r y  

sources .  The t rea tment  is  f u l l y  quantum-mechanical i n  t h e  dynamic source- 

f i e l d  i n t e r a c t i o n ,  Following t h i s  r e p o r t  i s  a- CODY . of a paper j u s t  
- _  

now be ing  submit ted f o r  pub l i ca t ion ,  Work is  cont inuing  on t h e  appl ica-  

t io i l s  of t h e s e  techniques t o  s e v e r a l  problems, i nc lud ing  LASERS and' t h e  

s tudy  of matter through i t s  i n t e r a c t i o n  wi th  h igh ly  csherent  l i g h t  beams, 

VII INSTABILITIES AND MODE LOCKING PHENOMENA 

A squa re  r i n g  He-Ne LASER of 5.5 meter per iphery  has  been under 

s tudy  i n  t h i s  l abora to ry  f o r  many months, During t h e  las t  few months 

w e  have cons t ruc ted  and s t u d i e d  t h e  behavior  of an even l a r g e r  r i n g  of 

10 meter circumference,  b u i l t  on a s t a b l e  foundat ion,  ope ra t ing  i n  a con- 

t r o l l e d  dus t - f ree  atmosphere, as a prel iminary t o  cons t ruc t ion  of a 40 

meter r i n g  on t h e  very  stable f l o o r  of t h e  p re sen t ly  unused cyc lo t ron  

exper imenta l  area. 'The l a r g e  r i n g  LASERS o f f e r  promise as p r e c i s i o n  t o o l s  

f o r  t h e  measurement of angular  v e l o c i t i e s  and t h e  F resne l  drag  f o r  l i g h t  

i n  moving media, i f  t h e  mode i n t e r a c t i o n s  i n  t h e s e  LASERS can be w e l l  under- 

s tood ,  

a c t i o n s ,  when t h e  l o n g i t u d i n a l  mode spacing i s  smaller than  t h e  n a t u r a l  

l i n e w i d t h  of t h e  t r a n s i t i o n ,  o f f e r  a r i c h  v a r i e t y  of i n t e r e s t i n g  phenomena 

Our r e s u l t s  w i th  t h e  10 meter r i n g  make i t  clear t h a t  t h e  mode i n t e r -  

' i n  themselves.  

I n  t h e  5 . 5  meter r i n g  c o n t r a r o t a t i n g  beams of equal  i n t e n s i t y  were 

* s t a b l e ,  a l though t h e i r  f requencies  locked f o r  small LASER r o t a t i o n  rates, 

I n  t h e  10 meter r i n g  mode i n t e r a c t i o n s  lead  t o  a new e f f e c t ,  a b i s t a b l e  

a m d i t i o n  i n  which e i t h e r  one o r  t he  o ther  oppos i te ly  r o t a t i n g  components 

h a s  n e a r l y  a l l  of t h e  t o t a l  energy, 

a c t i o n s  among adjacent  l o n g i t u d i n a l  modes, whose frequency s e p a r a t i o n s  i n  

The e f f e c t  is  a sc r ibed  t o  s t r o n g  i n t e r -  
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t h e  10 meter LASER are smaller than t h e  atomic l inewidth .  

The b i s t a b l e  e f f e c t  i s  most pronounced a t  h igh  power l e v e l s  

(-0.5 mW.). Addi t iona l  evidence of s t r o n g  adjacent-mode i n t e r a c t i o n  

is  a l s o  observed i n  t h e  behavior  of t h i s  LASER a t  very  low power l e v e l s ,  

A t  low levels both  beams are of equal  i n t e n s i t y ,  b u t  a f i x e d  phase rela- 

t i o n s h i p  among modes r e s u l t s  i n  t h e  product ion of s h o r t  pu l se s .  The 

mode-locked-pulse spac ings  a t  low power l e v e l s  have been measured as 

33, 16, and 11 nanoseconds under var ious  ope ra t ing  condi t ions ,  corre-  

sponding t o  b e a t s  between ad jacknt  l o n g i t u d i n a l  modes (30 MHz spac ing) ,  

every second mode, and every t h i r d  mode, A t  medium p,ower l e v e l s  t h e  

LASER i s  no t  q u i t e  b i s t a b l e ,  a l t e r n a t i n g  randomly between dominance by 

one d i r e c t i o n  o r  t h e  o the r .  

It is  perhaps n o t  s u r p r i s i n g  t h a t  d i f f e r e n t  t r a n s v e r s e  modes, which 

u s e  d i f f e r e n t  s p a t i a l  reg ions  of t he  gas ,  do n o t  compete, Even when 

ope ra t ing  i n  a b i s t a b l e  condi t ion  f o r  t h e  dominant TEM 

may show a much weaker high-order-mode bean i n  t h e  oppos i te  d i r e c t i o n  

mode, t h e  LASER 00 

from t h e  main beam. 

The 10 meter r ing ,  operated on t h e  very  s t a b l e  6 f o o t  t h i c k  conc re t e  

f l o o r  of t h e  cyc lo t ron  experimental  area, has  been dismantled t o  make 

way f o r  r e c e n t  cyc lo t ron  cons t ruc t ion ,  Addi t iona l  space has  been obta ined  

on t h e  concrece f l o o r  of t h e  upper experimental  room of t h e  cyclotron '  com- 

p lex ,  which w i l l  be  a v a i l a b l e  f o r  LASER experiments f o r  a t  l eas t  a y e a r ,  

Work has begun on cons t ruc t ion  i n  t h i s  p l a c e  of t h e  40 meter r i n g  laser, 

u s i n g  a n  evacuated beam path., Many of t h e  vacuum components ( a d j u s t a b l e  

m i r r o r  boxes, e t c , )  have been completed, and l e a k  t e s t i n g  and s e a l i n g  is  

j u s t  b e i n g  completed, ,The s tudy of mode i n t e r a c t i o n s  w i l l  cont inue  wi th  

t h i s  f a c i l i t y  . 
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VIII. STABLE CW He-Ne GAS LASER 

Associa te  P ro fes so r  U r s  Hochuli of t h e  Department of E lec t r ica l  

Engineer ing is  developing a h igh ly  s t a b l e  (both  frequency and amplitude) 

CW gas LASER, using a unique mounting f o r  t h e  c a v i t y  mi r ro r s  t h a t  minimizes 

thermal  and v i b r a t i o n a l  l eng th  changes a f f e c t i n g  c a v i t y  tuning.  Most of t h e  

work is  be ing  c a r r i e d  out  i n  t h e  Electrical  Engineering Department wi th  ONR 

support ,  b u t  some suppor t  has  come from t h e  NASA laser phys ics  g ran t  through 

Dr. Hochuli ' s  c l o s e  c o l l a b o r a t i o n  wi th  our program. 

I n  t h e  LASER under development the  mi r ro r  space r  i s ' c o n s t r u c t e d  of a 

low tempera ture-coef f ic ien t ,  thermal ly  compensated ceramic material, suspended 

i n  a vacuum i n  a mounting s imi la r  t o  t h a t  devised by D r s .  Weber and Zipoy of 

t h i s  department f o r  t h e i r  experiments on g r a v i t a t i o n a l  r a d i a t i o n .  A cold- 

cathode DC d ischarge  is  u s e d t o  excite the gas w i t h  minimum inpu t  power. 

problem of developing cathodes which opera te  s t a b l y  i n  t h e  d ischarge  over 

long p e r i o d s  of t i m e  has  been solved.'  Gas d ischarges  have been operated f o r  

more than  14,000 hours  and one has  been " las ing" f o r  more than  11,000 hours  

w i t h  a t o t a l  gas volume of 30 cm . 
He-Ne LASERS on a l a r g e r  scale and t o  C02 LASERS is be ing  s tud ied .  

The _ -  

3 The a p p l i c a t i o n  of t h e s e  e l e c t r o d e s  t o  

The choice  of a low-expansion ceramic material, f o r  ope ra t ion  under 

e l e c t r o n  and i o n  bombardment i n  t h e  discharge without  contamination of t h e  

gas, i s  an important  o b j e c t i v e  of present  research .  

t h e  s t a b i l i t y  of t h e  gas  d i scha rge  i n  a LASER (both long-term and short-term) 

are under s tudy .  Important  among these i s  t h e  c o n t r o l  of plasma o s c i l l a t i o n s  

w i t h i n  t h e  d ischarge ,  

Other f a c t o r s  a f f e c t i n g  
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des ign  of t h e  experiment. 

performance of 1 1/2" s o l i d  fused  s i l i c a  corner  r e f l e c t o r s  i n  t h e  s imula ted  

l u n a r  environment us ing  a space  s imula tor  a t  t h e  Goddard Space F l i g h t  Center.  

Testshave been completed t o  e s t a b l i s h  t h e  p red ic t ed  

The f a r - f i e l d  d i f f r a c t i o n  p a t t e r n  of a corner  r e f l e c t o r  has  been s tud ied  

t h e o r e t i c a l l y  ( f o r  a r b i t r a r y  phases and amplitudes at each r e f l e c t i o n )  and experi-  

men ta l ly  ( f o r  several types  of r e f l e c t i n g  s u r f a c e s ) .  The i n v e s t i g a t i o n  i s  

~ 

I X .  LASER RANGING TO OPTICAL RETRO-REFLECTORS ON THE MOON 

Fur the r  d e t a i l e d  ana lyses  of t he  s c i e n t i f i c  and t e c h n i c a l  a s p e c t s  of 

t h i s  experiment have been made by t h e  Univers i ty  of Maryland group and t h e  

co- inves t iga tors  a t  several o the r  u n i v e r s i t i e s .  i n  _an e x p l i c i t  p roposa l  t o  

NASA. These were: 

- ~ - -  - - - -- 

Lunar S i z e  and Orbi t ,  by Dirk Brouwer, Yale Univers i ty  
(Professor  Brouwer died i n  January, 1966) 

Motion of t h e  Moon about i t s  Center of Gravi ty ,  by Gordon 
MacDonald, UCLA 

A R e l a t i v i t y  Test, by R. H ,  Dicke, Pr ince ton  Un ive r s i ty  

Geophysical Information Obtainable from Lunar Dis tance  
Measurements, by P. L. Bender, J o i n t  I n s t i t u t e  f o r  Laboratory 
Astrophysics  of NBS and Univers i ty  of Colorado 

Requirements f o r  Frequency of Observation by Laser Tracking of 
t h e  Moon, by W. M. Kaula, UCLA 

S i g n a l  t o  Noise Analysis ,  by H. Richard (Goddard Space F l i g h t  
Center), S. K. Poultney and C. 0. Alley,  Univers i ty  of Maryland. 

Design and Tes t ing  of Lunar Re t ro - re f l ec t ing  Systems, by J. E. 
F a l l e r ,  Wesleyan Universi ty .  

I 

Discussion of Shor t  Pu l se  Ruby Laser System, by S .  K. Poultney 
and C. 0. Alley,  Univers i ty  of Maryland 

The experiment has rece ived  t h e  s t r o n g  endorsement of NASA Headquarters,  

and some i n i t i a l  funding has  been provided. 

can b e  begun wi th  t h e  f i r s t  Apollo landing. 

It is hoped t h a t  t h e  measurements 

The Perkin-Elmer Company is  now 

under s u b c o n t r a c t  t o  t h e  Univers i ty  of Maryland t o  assist i n  t h e  o p t i c a l  



motivated by t h e  p o s s i b i l i t y  of "op t i ca l  radar"  range measurements u s ing  

corner  r e f l e c t o r s  on t h e  moon and a LASER t r a n s m i t t e r  on t h e  ear th . '  

Q u a n t i t a t i v e  informat ion  on t h e  concent ra t ion  of t h e  r e t u r n  s i g n a l  i s  of 

g r e a t  importance i n  t h e  system design.  I 
I Exact express ions  have been obtained f o r  t h e  ampli tudes of bo th  , 

p o l a r i z a t i o n  components i n  t h e  f a r - f i e l d  d i f f r a c t i o n  p a t t e r n  of a corner  

i l l umina ted  by a l i n e a r l y  po la r i zed  axial .beam. 

i n t e n s i t y  p a t t e r n s  f o r  a wide choice of corner  parameters ( a r b i t r a r y  i n  

t h e  $general theory)  are under way. 

Computer c a l c u l a t i o n s  of 

. 
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Optical Radar Using a Corner Reflector on the ?loon 
. .  

C. 0. ALLEY: P. L. BEXDER,~ R. H. DICXE? J. E. FALLER: P. A. FRANKEN: 
H. H. PLOTSIN:' AND D. T. WILKIliSOS ' 

m In n recent letter Nunt [1964] dcscnbcd a 
microwave transponder that cnn be landed on 
the moon and that can be used, in Conjunction 
with o modified Glotrac station, to measure the 
distance between station and landing site. €IC 
also suggcsts scrcral intcrcsting mcasuremcnts 
that could be macle on the earth-moon system if 

velocity abberat' Y ! i i i c  coi:ditor measuies 
the light travcl Ei:r,c Lo t h  i2lfcctor and back. 
The efficiency of such a systcm, that is, the 
ratio of thc number of reccived to the number 
of t d t t c d  photons, is givcn approximately 
by 

~ 3 .  the range accuracy wcre sufficiently well de- 
velopcd. The purpose of this letter is to point 

I A' D; D~' 
9 * Z r'B2XaDLa 

out the capabilities and possible advantages of 
an optical radar systcm which USCS a comer . 
reflector on the moon's surface. 

StntrUin and Fiocco [196'2] have dcmonstratcd 
that laser bcams can bo scattered from the 
moon's surface and detected back a t  the earth; 
howcvcr, the return signds were too weak and 

spread out (in time) to be used for prc- 
cision ranging. IIofilnnn et al [19GO] have pointed 
out the advatages of using comer reflectors on 

artificjil satellite to permit precision track- 
hg. More retently, Plotkin [ 1DG11 has described 
M optical radar systcm that is capable of mak- 

whc, 

A is effcctivc nrca of the corner rcflcctor, 

r is  go to the corncr reflector, X3.7 x 10'0 

is vavclcn&h of 1mr kht,  w7 x lo-'' cmo 
0 k? angulnr n d i w  of 1ser bcanl divergcnce, 

=lo-' rad- 
& isdinmeter of rccciving tclcscope, -100 cm. 
D T  is dinmeter of transmitting telescope, -100 

DL is diameter of 

W m  cm'- 

Em. 

CIlL 
rod, -2 cm. 

h g  pncision range mCnS\lrCIllCntS to satcllitcy 
which have been equippcd with comer rcflcctors. 

schematically in Figure 1. The laser beam' 

T. is trairmission tllrough the atmos~1lere, 
mi%%. 

moy'a. 
A typical optical radar system is shon.n T. is transmission through optical elcmcnb 

(Pulsed Or COntinUOUS W3W) is scnt through a F~~ system i,3ViI,g the given 
transmitting telescope which tracks the comer is f13.3 lo-in; tilus, 
reflector on the moon's surface. A mall part of see the need for high laser as the light 
the d k c t e d  light is collected by the receiving source. cxpcctcd retum from the corner re. 
telescope, which also tracks the reflector. (If a fiator is some 100 times stronger than that duo &de telescope with a T/n switch is used, there to by lunar surface. 
is some sacrifice of received intensity owing to 

ruby k c r  can be used as the light source. The 
%Department of Physics, University of shy- parameters used above for estimating 7 arc 

land, Collcgc Park, Maryland. typical of a system employing a ruby laser ' Joint Institute for Laboratory Astrophysics, which is avai~able commercia~y and is capable 
Borllclcr, Colorado. 
I polmct Physical Laboratory, princeton uni- of delivering 10" photons in a pulse of lo4 see- 

veraity, Princcton, Xcm Jcrscy. md duration. With this laser as the light source 
'Department of Physics, University of Michi- and wit11 a detector of 3% quantum efiicicncy, 

p n ,  Ann Arbor, Michigan. we &mate return s i~na l  of 1 photoclcctron 
per tnnsmitted pulse. Thercfore, the probabil- 'Coddnrd Spwc Flight Center, Xational Acro- 

mutics and Spncc Administration, Greenbelt, 
SInryhd. ity of getting a return signal from a given trans- 

For puILd radar applications, a 

2261 
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. Fig. 1. A typical optical radar system. 

L. 

c. 

L 

t 
L 

r 

- \  

' 

8 

mitted pulse is quite high. Furthermore, each 
measured return gives the light travel time to 

, the corner reflector and back with an accuracy 
.. of lo4 second (4 parts in 10'). 

Background noise in the rccciver comes mostly 
from sunlight which has bcen scattered from 
the moon's surface or from the earth's at- 

. mosphere. The estimated background noise for 
the system describcd above and for tlic corner 

. reflector in sunlight is  loa photoelcctrons per 
second for a 10 A opticd bandwidth. However, 
the eflective signal to noise ratio can bc en- 
hanced by gating the receiver output with 3 

. pulse whose turn-on time is controlled by epho 
me& predictions and whose width is sufficicnt 
to cover uncertainties in the ephemeris. Back- 
ground noise and uncertainties in the 'gating 

. . ephemeris are such that the return signa1 would 
have to be located initialIy by nighttime obser- 
.vations of a comer reflector on the dark part of 
the moon. However, these mesurcments could 

- pe used io kiprove the g~iiitg e p h i - ~ i k ,  ~i i2  
reduce the gate width to the poiiit where rang- 
ing to a sunlit comer reflector would be possiblc. 
The nature of the major uncertainties that oc- 

. cur in the gating ephemeris are such that this 
.. improvement would go rapidly. 

The'corner reflector and its mounting must 
be designed carefuI1y:in order to avoid en- 

' virqnmental; problems * on the moon's surface. 

. 

. .  

- 

. %  

Large tempcrature excursions, dnmqc from 
radiation, and tlic possibility of dust bcing cast 
up by the vehicle landing are some of the prob- 
lems that must be considered. If thc corncr 
rcllcctor is mountcd atop a soft-landing vehiclc 
whose destination is near the ccntcr of the 
moon's disk, then an orientation mechanism is 
not required. For vehiclcs landing far from the 
disk center, the corncr 'reflector mould necd to 
be reoriented after Imding or, alternativcly, 
an array of corner reflectors could bc used. An 
effective area of 150 cm', which mas used in our 
estirnntion of 7, corresponds to a corner reflec- 
tor, of the type descrihcd by Hoflzinnn et al., 
with an edge length of 16.3 cm and with opti- 
mum orientation. This corner refl cctor, exclu- 
sive of the mounting, would weigh about 1.5 
kg if made of solid quartz, and less if made from 
orthogonaI plane mirrors. 

The passivity and the expected reliability of 
the corner reflector and thc high accuracy of the 

of this system over the transponder system dc- 
scribed by -Hunt. 
The optical radar system could bc used to ob- 

tain important information in scverd felds of 
study. A few interesting measuremciits are listed 
below. 

1. Lunar size and orbit.'A cornparkon of the 
measured and theoretical range over long .pe- 

-..b:..-l V I J L I ~ . L ' L A  -,--:-- I ' & L A o I Y o  U b b l A a  +- c v  h- Yc +L v . 1 ~  nh:nC v..*w* -Y ~ A y r s n t , , n a c  v .-.-%U~- 

- .  

. . .  
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. nods of time cnn be ubcd to mcasuro tho radius 
of the moon at the corner reflcctor position afid, 
also, to give an accurate check on lunar orbit 

2. Geodesy. Simultaneous ranging by several 
&ations, with knom geographical positions, 
could be used to measure the size and shape of 
thq earth. Also, a connection could be estab- 
lished between the American and European 
geodesic networks. 

,3. Lunnr librations. With three or more cor- 
ner reflectors on the moon, whose ranges could 
be measured simultaneously from a single radar 
atation, the amplitudes and periods of the lunar 
liberations could be measured with high ac- 
curacy. 

4 Reckoning of ephemeris time. After the 
librations have been measured, a comer re- 

' flector could be used as a fiducial point to be 
located with respect to the star background for 
purposes of reckoning ephemeris time. 

1. Improvement of landing site location. The 
returning laser light has essentially been reflected 
from a point on the moon's surface. This should 
permit accurate location of the corner reflector, 

' theory. 
; 

, 

rolativo to known surface features, by photo- 
graphic and/or photoclcctric techniques. 

6. Gravitational waves. A long time series of 
nnge'measurements could bc scarchcd foi  d k -  
turbances or periods which are not explained 
by the perturbations contained in the lunar 
theory. Such effects, if seen, might be identified 
with gravitational wave effects. 

r)eems to us to warrant a careful consideration 
of the problems involved in including comer 
reflectors on some of thc lunar vehicles now 
being planned. 

The caliber of the mesurcments in this list . . 
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(Reprinted from Nature Vol. 209, No. 5025, pp. 798-799, 
F e k a r y  19, 1966) 

Optical Radar Detection of Backscattering 
from the Upper Atmosphere (75-160 km) 
AN optical radar system has recently. been wed to 

detect and study baclrscattering from the upper atmo- 
sphere (75-160 km). Although a much more detailed 
investigation is in progress, our preliminary results seem 
'to indicate rough agreement with those of Fiocco and 
Smullinl. These authors suggested micrometeorites as a 

* source of the echoes. When observations were made for 
brief time intervals (0.5 h or less), peaks were sometimes 
observed in the return-signal profiles. It should be noted. 
however, that when averaged over a period of several 
hours the return signal tends to become relatively smooth. 
It would seem, therefore, that the altitudes of the scatter- 
ing layers, if they exist, fluctuate rapid1 with time. The 
total scattering cross-section a t  6943 1 observed by us 
is of the same order of magnitude as that reported by 
Fiocco and Colombo2 (x w 10-'2 cm-1). 

The optical radar consists of a Korad R - 2 Q  ruby laser 
which is capable of producing single pulses containing 
6-10 J at 6943 A with a width of 10 nsec and a beam 

' divergence of no more than 10 milliradians. The ruby is 
8 in. long, 518 in. in diameter and is surrounded by a helical 
flash lamp. Q-spoiling is achieved by means of a Kerr 
cell. The laser pulse is brought to a focus at a 1/8 in. 
diameter aperture in a rotating mirror. The aperture is 
looated in the focal plane of the University of Maryland's 
20-in. reflector, which is a Broken Cassegrain with a 300-in. 
effective focal length. The beam divergence of the light 
leaving the telescope is less than 0.4 milliradians. In  
order to prevent air breakdown, the rotating mirror is 
installed in a chamber which is evacuated to a pressure of 
about lop  mcrcury. An nveruge energy of 1-0 J per pulse 
was sent into the atmosphere. Each laser pulse was 
monitored for proper firing time and for pulse amplitude. 
The return signal from the telescope is reflected by the 
rotating mirror to the cathode of a coolcd E.M.I. 9558B 
photomultiplicr tube (5-20 cathode) which is gated off 
during the actual laser firing. A 10 A pass-band inter- 
ference filter was iwcd in the experiment. 

Due to the small magnitude of the signal, the experiment 
consists of countiiig individual photoelectrons. The 
p i s e x  +ire prou~sscci by C'nronerics :<ittioiogic Xociiiies unci 
sent through logic circuits3 to an 'on-line' CDC 160 com- 
puter which is programmed3 to  store the counts from each 
altitude interval. At present the system is capable of 
obtaining an .atmospheric scattering profile, for each laser 
pulse. with an altitude resolution of 4.5 km. 

I All measurenicnts were made at  College Park, Maryland 
(78O 57' W. long., 39" N. lat.), while looking at the zenith. 

. 

L 



Figs. 1 and 2 give the results for two nights out of five 
I 

for which we have obtained data. Fig. 1 shows the result 
Of 8 series of shots taken during a short time interval. The 
scattering appears to be enhanced over the altitude 
ranges from 100 to 125 km. The total number of count8 
received (in 10 pulses) from 75 to 150 km was 2,240. 
The background was 350 counts. The number of photo- 
electrons due to backscattering is thus 1,890 with a mean 
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(average of one hundred laser pulses): ---- bwkgrouud (overage of 
twenty 1-r pulses). Wote chnnse of verticnl’8caIe from that of Fig. 1)  



I 

error of 51 due to statistical uncertainty. Fig. 2 is the 
average of 100 laser pulses, over a period of 4 h, on a 
different night. The magnitude of the return signal is 
much lower than in Fig. 1 and no peaks are present. For 
the range 75-150 km we have: a total return of 5,070 
counts, e background of 3,330 counts, a backscattering 
of 1,740 counts with a mean error of 147 counts. The 
high background is due to the fact that we use the same 
optical path for both transmitting and receiving. It is 
difficult to shield the phototube completely from the high 
light-levels present and from ruby fluorescence. Back- 
ground measurements were made, during observations, 
by placing e black cloth over thc end of the telescope 
tube. 
W e  thank Prof. S. F. Singer for his encouragement and 
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Cold Cathodes for Possible Use in 6328 A Single Mode He-Ne Gas Lasers* 
U. HCCHULI AND P. HALDEYA" 

University of Marylatd, College Park, Maryland 20742 
(Received 9 April 1965; and in final form, 15 June 1965) 

Properly dimensioned aluminum cold cathodes promise single mode 6328 A He-Ne gas laser lifetimes exceeding 
3000 h with total gas volumes of only 50 cm*. These cathodes are simple, rugged, and require only about 0.5 ti' 
for an emission current of 5 mA dc. Beryllium cold cathodes may be even better but more time is needed for their 
evaluation. 

ole mode 6328 A gas laser usually works with 

of 3 Torr. With dc excitation the voltage drop across the 
1 mm capillary discharge tube of 5 cm length is approxi- 
mately 450 V for a current of 5 mA. Cold cathodes, having 
a cathode drop of about 100 V, require only half a watt for 
the emission of 5 mA. They become very attractive if the 
following conditions can be met: (a) yield a lifetime of 
several thousand hours with a total gas volume of 50 cm3 ; 
(b) very low deposits due to sputtering; and (c) reasonably 
constant voltage drop and gas mixture ratio over its 
lifetime. 

Suitable cathode surfaces usually considered can be 

THE a 5 to 1 He-Ne gas mixture under a total pressure 

TABLE I. Discharge life for different cathode diameters d, 
p"3 Torr He-Ne 5: 1,Z=5 mA dc, gas volume =SO cmJ. 

Diameter Lifetime 
UI mm M E  AI 

3.2 21 h 
7.0 

11.5 
16.0 
22.0 >3000 h' 

* Supported in part by the U. S. O6ce of Saval Research and the 
Advanced Research Project Agency. 

divided into 3 groups: (1) earth alkali oxide coated surfaces 
such as BaO layers used in neon sign electrodes ; (2) metals 
such as Mo, or Nb, or Zr that give very reliable cathode 
falls once the surfaces are sputtered clean'**; (3) metals 
such as Al, Mg, or Be that have thin oxide films. 

None of our test discharges from cathodes in the first 
two groups listed had a longer life than about 500 h under 
the conditions given. 

It is well known that electrodes of group 3 have a low 
sputtering rate as long as the oxide films are present?.' To 
preserve the oxide layer we have tried to reduce the current 
density by avoiding hollow cathodes with small diameters. 
The results are shown in Table I. 

unm OLIIIKR 

FIG. 1. Cross section of a typical discharge tube. 
1 F. M. Penning, J. H. A. Moubis, and T. Jurriaanse, Philips Res. 

*A. D. White, J. Appl. Phys. 30, 711 (19.59). 
* W. EsDe and M. Knoll. R'erkstoffkrtndc der Iloclrcaklcl~tnleclrnik 

Rept. 1, 119, 225, 407 (1946). 

(Springrr,'Berlin, 1936), pp.'77 and 81. 
'P. D. Kueck and A. K. Brewer, Rev. Sci. Instr. 3, 427 (19.32). 
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FIG. 3. Pressure vs time. 

Figure 1 shows the cross section of a typical discharge 
tube. Figure 2 gives the length of electrodes covered with 
the cathode glow as seen by visual inspection through smal! 
holes along the cathodes. 

Figure 3 shows pressure-time curves for two different 
electrode diameters. 

The fact that the intensity ratio of the 6402 A Ne and 
3888 A He lines stayed practically the same for the 11.5 
end 16 mm electrodes is an indication that the composition 
of the gas mixture was approximately constant over a 
period of 3000 h. The total discharge voltage variation 
stayed within 30 V over this period of time. 

Life tests on 22 mm A1 cathodes and on an 18 mm Be 
cathode are being conducted but it may take several 
thousand hours before any firm conclusions can be draw-c. 

An 11.5 mm AI electrode has been used in an actual 
laser and has so far given satisfactory service for 3000 h 
with a gas volume of 30 cm3. This laser had a 3He:20 Ke 
isotope filling and the total discharge voltage stayed within 
10 V over this period of time. 

Note added in proof. The pressure of the 11.5 mm test 
electrode was 2.65 Torr after 6300 h, and the laser was still 
working satisfactorily after 4500 h. The 16 mm electrode 
died after 4OOO h, indicating that Reynolds wrap is not 
performing as well as tqpe 1100 AI. 
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Cold Cathodes for Possible Use in 6328 A 
Single Mode He-Ne Gas Lasers 

[Rev. Sci. Instr. 36, 1493 (1965)] 

u. HOCHULI AND P. HALDEYA" 
Uninersiiy of Maryland, College Park, Jfarylaitd 20742 

(Received 11 March 1966; and in final form, 30 March 1966) 

HEBIICAL analysis showed that the 3.2, 7, and 11.5 c mi cold cathodes are of the type 2024 aluminum 
and not of type 1100 as indicated. 

, 



I VOLUME 16, NUMDER 15 P H Y S I C A L  R E V I E W  LETTERS 11 APRIL 1766 

. 

ONSET OF LONG-RANGE ORDER I N  A CRITICAL SOLUTION OF MACROMOLECULES* 

J. A. White, J. S. Osmundson, and B. H. Ahn 

University of Maryland, College Park, Maryland 
, (Received 4 March 1966) 

Diffusion broadening has been observed in the 
inelastic scattering of monochromatic light off 
a binary fluid, cyclohexane-polystyrene, near 
its crit ical  point for mixing. The broadening 
a few tenths of a degree above the cri t ical  tem- 
perature is a n  order of magnitude less than in 
a binary mixture of small  molecules (cyclohex- 
ane-aniline)' and two orders  of magnitude less 
than in  a pure fluid (SF,).z The dependence of 
the broadening on scattering angle agrees with 
that found for  the other fluids,', a and with ex- 
pectations; but i ts  increase with rising tem- 
perature is less  rapid than for these fluids, 
being less than linear in AT. 

The method used was  substantially that of 
Benedek.', * A 12-mm diameter cylindrical 
sample of cyclohexane containing 6.5% by vol- 
ume National Bureau of Standards standard 

705 polystyrene, with narrow molecular-weight 
d i s t r i b u t i ~ n , ~  was irradiated with monochro- 
matic light a t  6328 %i from a He:Ne laser.  Light 
scattered a t  an  angle 6 with respect to the in- 
cident direction was detectpd a t  a photomul- 
tiplier, where interference between the differ- 
ent frequency components i n  the scattered 
light produced a fluctuating photoemission. The 
noise spectrum of the amplified photocurrent, 
with dc component suppressed, was  analyzed 
into its frequency components using a spectrum 
analyzer (Nelson-Ross type 011) with a r e s o - .  
lution of 10 Hz. 

Photographs of typical spectra a r e  displayed 
in Fig. 1. Each photograph shows the digitized 
average of the noise amplitudes obtained in 
about 100 sweeps through the spectrum, each 
of 8 sec  duration. An ND-800 Enhancetron 

FIG. 1. Oscilloscope traces of digitized and time-averaged spectra of noise currents produced by the inelastical- 
ly scattered light. (a) O=40°. T-T, =0.3"C, marker pips at *150 Hz. (b) O=80". T-T, =4.0°C, marker pips at 
*LOO0 Hz. The solid curves are square-root Lorentzians fitted to the data. Suppression of low-frequency compo- 
nents and some drift of the heterodyne frequency of the spectrum analyzer account for the depression in the center 
of the narrower spectrum [part (a)]. Spectra obtained at 0 =20" and AT < 2'C a re  about as clean a s  that in (a), 
though narrower for small AT and therefore more susceptible to drift. 

. E522 1-4 639 
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was used to perform the average. 

root Lorentzian shape, as found for a pure 
fluid by Benedek and Ford,' and as required' 
for  a Lorentzian spectrum of optical frequen- 
cies in the scattered light. The observed shape 
is consistent with exponential relaxation' of 
the fluctuations in concentration responsible 
for the inelastic scattering. 

Assuming the scattered light has Lorentzian 
profile, i t s  spectral  width, or  the reciprocal 
of the relaxation time multiplied by n, is equal 
to the half-width a t  half-amplitude of the de- . 
tected noise current, divided by 6.' (The noise 
current is proportional to the square root of 
the noise energy; the spectrum of the latter 
is Lorentzian, with half-width equal to the fu l l  
width of the spectrum of the scattered light.2) 
The spectral  widths deduced in this way from 
the observed noise amplitudes a r e  displayed 
in Fig. 2. The data are for scattering angles 
of 20", 40", 80", and for temperatures 0.05 
to 30°C above the temperature T, = 24.28"C 
'Tcrit at which the phases separated. The 
data may be represented approximately, as 
indicated by the solid lines in Fig. 2, by the 
semiempirical equation 

AIJ= 2.6[ (2n/A) sin(8/2)]2(T-T,)0.6 Hz, 

The noise spectra have approximately square- 

. 

(1) 

in which A = 0.44 is the wavelength of the light in 
the fluid, expressed in microns. In this equa- 
tion the angular dependence is that expected 

'theoretically for isotropic diffusion3; the co- 
efficient 2.6 and the exponent in the tempera- 
ture factor have been chosen arbitrari ly.  (They 
best fit the data for  8 =  20" and T-T, < 16°C.) 

Although the agreement is not perfect, it is 
evident that the observed broadening conforms 
at least approximately to the sin2(8/2) depen- 
dence expected theoretically. The observed de- 
pendence of the broadening on temperature, how - 
ever, is not even approximately represented by 
linearity in T-Tcrit, as expected on classical 
theory for  small  molecules3 and shoctn by the 
dotted line in Fig. 2; rather, the breadth of the 
scattered line increases significantly less  rap- 
idly than linearly, the proportionality being more 
nearly to the square root of T-T,. 
No striking deviation from linearity in T-T, 

w a s  observed for the intensity (dc component) 
of the scattered light. Within the range 0.1- 
2°C above T, the reciprocal intensity was found 
to vary approximately (within-10%) as 2 +  17 
(T-T,), 3.5 + 24(T-T,), 5 + 20(T-T,), in arbi-  
t rary units, a t  B = 20", 40°, 80"; respectively.6 
The over-all dependence, 

I 

. 

T)=C(8)[0.38sinz(8/2)+ (7'-T, + O . l ) ] ,  (2) 

1-1, PC) 

FIG. 2. Spectral width of the scattered light as a function of temperature and scattering angle. Dotted line in- 
dicates linearity in T-T,. Solid lines are given in Eq. (21, dashed curves by Eq. (3). 

640 E522 2-4 
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agrees  with that predicted by Debye7 for  a crit- 
ical mixture with cri t ical  temperature Tcrit 

Some decrease in the rate  of growth of the 
spectral  width of the scattered light can be ex- 
pected a t  high temperatures, owing to the limit 
on disorder imposed by the finite extent of in- 
dividual polymer molecules. These molecules, 
of average molecular weight M = 180 OOO,g a t  in- 
finite dilution have an end-end extension given 
by the empirical relation Lz- 0.47M or 
radius of gyration Y =  L / &  - 120 A.  From the 
observations of Cummins, Knable, and Yeh'O 
of the broadening for  somewhat larger  latex 
spheres suspended in dilute solution in water, 
the limiting breadth due to Brownian diffusion 
of spheres of this radius in cyclohexane (with 
viscosity 0.6 that of water) is found on extrap- 
olation to  be -250 Hz for 0 = 20°, and larger in 
proportion to sin2(0/2) for  the other angles. 
The value thus estimated is considerably larger 
at 8 =  20" than the -100 Hz which seems to be 
approached experimentally at this angle a t  high 
T. The estimate is a crude one, however, and 
probably gives too large a value f o r  the Brown- 
ian diffusion, and hence for the linewidth, as it 
neglects interactions between the polymer mol- 
ecules. Such interactions are certainly signif- 
icant in the nondilute solution used in our inves- 
tigations .I1 

It is tempting, in  view of the possible offset of 
TCrit f rom T, and approach to a limiting Av at 
high T, to  t ry  to reanalyze the data in Fig. 2 
assuming that the breadth at f i r s t  increases 
linearly with T-Tcrit, TcritfT,, then, far from 
Tcrit, approaches a constant limiting value. If 
these features are combined by modifying Eq. (1) 
to  read as follows: 

= T, -0.lOC.' 

, 

* 

with T, = Ts -0.15, then as good a fit to the data 
is obtained (dashed curves in Fig. 2 )  as with Eq. 
(1). The offset assumed here,  T, -Tcrit = 0.15"C, 
is consistent with that used in Eq. (2).  The limit- 
ing breadth, 

h v - 2 0  ("; -sin- ' 82). Hz, 

is not much greater  than the breadth found ex- 
perimentally at T = 50°C.1z. 

In conclusion, the authors wish to thank Dr. D. 
McIntyre of the National Bureau of Standards for 

~~ 

lending them the sample of polystyrene used in 
this experiment,'' and Dr. C. 0. Alley, Jr., of 
the University of Maryland for the opportunity 
to do this work in his quantum electronics lab- 
oratory. 

*Work supported in part under Advanced Research 
Projects Agency Contract No. SD-101 and National 
Aeronautics and Space Administration Grant No. 
NGR 21-002-022. 
'S.'S. Alpert, Y. Yeh, and E. Lipworth, Phys. Rev. 

Letters l4, 486 (1965). 
'N. C. Ford, Jr., and G. B. Benedek, Phys. Rev. 

Letters l5. 649 (1965). 
'Cf. P. Debye, Phys. Rev. Letters & 783 (1965). 

. 'G. B. Benedek, paper presented at the Proceedings 
of the Conference on Phenomena in the Neighborhood 
of Critical Points, National Bureau of Standards, 
Wahington, D. C., 1965 (to be published); Ford and 
Benedek, Ref. 2. 
'A certificate describing Standard Sample 705 Poly- 

styrene is available from the National Bureau of Stan- 
dards, Washington, D. C. 20234. Number- and weight- 
average molecular weight determinations made at the 
National Bureau of Standards gave values within i6% 
of the nominal M =  180 000. 

'More extensive measurements of the scattered in- 
tensity have been made at the National Bureau of Stan- 
dards; cf. D. McXntyre and A. M. Wims ,  paper pre- 
sented at the Proceedings of the Second Interdisciplin- 
ary Conference on Electromagnetic Scattering, Am- 
herst, Massachusetts, 1965 (to be published). 
'P. Debye, J. Chem. Phys. 31, 680 (1959). 
'From the ratio of the coefficients of the 0 and T 

terms in Eq. (2), a Debxe interaction range, or ef- 
fective coil size, 1 = 30 A can be calculated, in agree- 
ment with the results of P. Debye, H. Coll, and D. 
Woermann, J. Chem. Phys. 33, 1746 (1960). 

- 17,. 99 (1955). 

Letters 150 (1964). 

'N. T. Notley and P. J. W. Debye, J. Polymer Sci. 

'OH. Z. Cummins. N. Knable, and Y. Yeh, Phys. Rev. 

'%he viscosity at T = 5O'C near the critical concen- 
?r-t!nr? re, n= le!! en[! is pmh-'.!y cezr!y a:: ordcr cf 
magnitude larger than for pure cyclohexane at the same 
temperature [cf. P. Debye, B. Chu, and D. Woermann, 
J. Polymer Sci. A l ,  249 (196311. The decreased rate 
of diffusion which might be concluded from this great- 
ly increased viscosity may be offset to some extent 
by a decrease in molecular extension. P. Debye, 
B. Chu, and D. Woermann [J. Chem. Phys. 35, 1803 
(196211 have inferred from the angular dissymetry in 
the intensity of light scattered at critical concentra- 
tion that the end-end separation in polystyrene at this 
concentration is -4 that at infinite dilution for M =  2.8 
X10'; Debye, Coll, and Woermann, Ref. 8, have found 
a somewhat less than three-fold in size decrease for 
M =  10'. 

peratures much above those used in our experiments. 
'Equation (3) should not be assumed to apply for tem- 

E522 3'-4 641 
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* 
For example, over large intervals of temperature 
noncompensating changes in viscosity and molecular 
extension might cause discernable changes in the 

Brownian diffusion and hence require the use of a 
“limiting breadth” which itself is a function of tern- 
perature. 
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ABSTRACT 

Equations of motion are derived for generating functions 

of field correlations Snd detector counting probabilities for an 

arbitrary system of electromagnetic fields in the presence of 

their sources. For a system with linear constitutive relations 

the equations are solved exactly. Such systems are shown to be 

always Gaussian and some representative counting distributions 

.are computed. 

nonlinearity in its constitutive relation is made to find the 

counting distribution to first order in the nonlinear coefficient. 

A comparison is made with the below threshold limit of a recent 

laser fluctuation theory and a possible application to measure- 

ment of phonon-phonon interactions is mentioned. 

A perturbative treatment of a system with a cubic 

' 1  
I .  



I. INTRODUCTION 

There h a s  r e c e n t l y  been a g r e a t  d e a l  of work, bo th  

t h e ~ r e t i c a l l - ~  and experimental4 on t h e  s t a t i s t i c s  of pho toe lec t ron  

count ing a s s o c i a t e d  wi th  va r ious  types  of l i g h t  sources .  Counting 

experiments can serve as a use fu l  d i a g n o s t i c  t o o l  to-study -the-- 

p r o p e r t i e s  of t h e  system i n  which . the  l i g h t  i s  generated o r  systems 
*' 

from whidh i t  might scat ter .  

proach to  t h e  c a l c u l a t i o n  of counting s t a t i s t i c s .  

thermal  o r  "na tura l"  sources  has been e s s e n t i a l l y  k inemat ica l ,  dea l ing  

w i t h  t h e  f r e e l y  propagat ing electromagnet ic  f i e l d s  i n  a source  f r e e  

r e g i o n  and invoking e i t h e r  a special  form f o r  t h e  system's  d e n s i t y  

matrix 

sources .  

involved  d e t a i l e d  dynamical cons idera t ion  of p a r t i c u l a r  models. 

There have been two main l i n e s  of ap- 

The t rea tment  of 

2 o r  a n  assumption about t h e  "chaotic"' n a t u r e  of t h e  f i e l d  

Ca lcu la t ions  concerning lasers3, on t h e  o t h e r  hand, have 

W e  d i s c u s s  h e r e  a more genera l  dynamical approach, based on 

techniques  which have been use fu l  i n  Quantum F ie ld  Theory and S o l i d  

S t a t e  Physics5,  which should b e  u s e f u l  i n  t h e  a n a l y s i s  of many 

systems. 

of c o r r e l a t i o n s  o r  count ing  p r o b a b i l i t i e s  f o r  an a r b i t r a r y  system 

or' i n t e r a c t i n g  e lec t romagnet ic  f i e l d s  i n  t h e  presence of t h e i r  

We write equat ions  of  motion f o r  t h e  gene ra t ing  func t ions  

s o u r c e s  (and s c a t t e r e r s ) ,  d i f f e r e n t  systems being d i s t i n g u i s h e d  

acco rd ing  t o  t h e  form of t h e  f ie ld-source  i n t e r a c t i o n .  Two cases 

are t r e a t e d  i n  some d e t a i l .  For a system wi th  l i n e a r  c o n s t i t u t i v e  

r e l a t i o n s  f o r  t h e  e lec t romagnet ic  f i e l d  t h e  equat ions  of motion are 

2 



. 

3 

e x a c t l y  i n t e g r a b l e  and we show t h a t  l i n e a r  systems a r e  always 

Gaussian, i n  t h e  sense  t h a t  a l l  c o r r e l a t i o n  func t ions  are ex- 

p r e s s i b l e  i n  terms of products  of t h e  two po in t  c o r r e l a t i o n  i n  

t h e  usua l  way . 6 We go on t o  i n t e g r a t e  t h e  equat ion  f o r  t h e  
- .  

count ing  p r o b a b i l i t i e s  i n  a l i n e a r  system in t h e  presence of  a 

p resc r ibed  c u r r e n t  and f i n d  agreement wi th  some previous  ca lcu-  

l a t i o n s  of Glauber e 
1 D  

The exac t  i n t e g r a b i l i t y  of a l i n e a r  system makes it con- 

v e n i e n t  as a base  f o r  a p e r t u r b a t i v e  t rea tment  of a non l inea r  

system when t h e  d e v i a t i o n  from l i n e a r i t y  can be considered small. 

We make such a p e r t u r b a t i v e  expansion of t h e  c o r r e l a t i o n  f u n c t i o n s  . 

and count ing p r o b a b i l i t i e s  f o r  a system wi th  a s m a l l  cub ic  term i n  

t h e  c o n s t i t u t i v e  equa t ion ,  t o  lowest o r d e r  i n  t h e - s t r e n g t h  of t h e  

c u b i c  term. 

l i m i t  of a previous  c a l c u l a t i o n 7  concerning gas  lasers is  made, 

A comparison of t h e  r e s u l t s  w i th  t h e  below th re sho ld  

and t h e  p o s s i b l e  a p p l i c a b i l i t y  of t h i s  c a l c u l a t i o n  t o  a proposed 

experiment' on Raman s c a t t e r i n g  is mentioned. 
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11. DYNAMICAL APPROACH 

To i l l u s t r a t e  o u r  approach w e  f i r s t  cons ider  equat ions  f o r  

a simple genera t ing  func t ion  of f i e l d  c o r r e l a t i o n s  and show 

how they  are i n t e g r a t e d  i n  t h e  l i n e a r  case. The f u n c t i o n a l  F{j} 

9,lO is def ined  by 

where A(x) 5 A(r t )  is  t h e  t r a n s v e r s e  v e c t o r  p o t e n t i a l  o p e r a t o r  

i n  t h e  Heisenberg p i c t u r e .  

o p e r a t o r  order ing .  Operators  with s u p e r s c r i p t  (+) s tand  t o  t h e  

. r i g h t  i n  t h e  ope ra to r  product  and are p o s i t i v e l y  t i m e  ordered.  

Opera tors  w i th  5 = (-) s t and  t o  t h e  l e f t  and are i n v e r s e l y  t i m e  

ordered.  The b racke t  s t a n d s  f o r  t h e  usua l  expec ta t ion  va lue .  

That  is 

The s u p e r s c r i p t s  5 h e l p  t o  d e f i n e  t h e  

where p is  some d e n s i t y  ma t r ix  c h a r a c t e r i z i n g  t h e  system. The 

a r b i t r a r y  func t ion  j (x) is the  argument of  our  f u n c t i o n a l  F. 

Field c o r r e l a t i o n  func t ions  are obta ined  from F{j )  through t h e  

r e l a t i o n s  

5 

i2 

( A ( x ~ ' ) .  . .A(X I))+> m 

4 

(3) 
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Now, following Glauber lBsC and Kelley and Kleiner13 it is easy 

to &!howl4 that the nth factorial moment of the photon counting 

distribution is given by the expression 

<c!/(c-n) !> - Idxl. . . dxndxl' . . . dxn . n 

j =l 
' II g(x x ') x 3' j 

( 5 )  
-0 

The function +(rt) is zero or one depending on whether the part 
15 of the detector at r is off or on at time t and g(rw) is the 

detector sensitivity at r and frequency w. Then, comparing (3) 

with (4) we see that the generating functional P{j} 

all the correlation functions of interest in counting experiments. 

It therefore contains all the information about the system that 

can be obtained from such experiments. 

generates 

Now from Maxwell's equations and the electromagnetic field 

.commutation relations we can write 

where 



6 

and J(x) is  t h e  a p p r o p r i a t e  cu r ren t  o p e r a t o r  f o r  t h e  system. 

As i n  any d i s c u s s i o n  of electromagnetism, Maxwells equat ions  are I 

empty of  conten t  u n t i l  they a r e  supplemented wi th  a p p r o p r i a t e  

c o n s t i t u t i v e  equat ions .  I n  t h e  p re sen t  contex t  Eqs. (6) and (7) 

w i l l  be  a complete d e s c r i p t i o n  of t h e  system when t h e  r e l a t i o n -  

s h i p  between cJ> and <A> is s p e c i f i e d .  The n a t u r e  of t h i s  

r e l a t i o n s h i p  must, of Course, be determined through d e t a i l e d  

microscopic  a n a l y s i s  o f  t h e  ma t t e r - f i e ld  i n t e r a c t i o n  i n  any 

p a r t i c u l a r  case. It is i n t e r e s t i n g ,  however, t o  s tudy  t h e  con- 

sequences of  assumed forms f o r  t h i s  r e l a t i o n s h i p .  

A t ype  of c o n s t i t u t i v e  r e l a t i o n  of p a r t i c u l a r  i n t e r e s t  

is t h e  l i n e a r  one, as i t  is an e x c e l l e n t  approximation t o  t h e  

c o r r e c t  r e l a t i o n  i n  t h e  v a s t  ma jo r i ty  o f .phys i ca1  systems. We 

d e f i n e  l i n e a r i t y  i n  a somewhat genera l ized  sense  as a r e l a t i o n  

of t h e  form 

<JF(x)> - {, dx' P"' (xx') <A 5' ( x ' ) >  

16 
w i t h  P no t  a f u n c t i o n  of j .  We have shown elsewhere t h a t  a 

r e l a t i o n  such as (9 )  imp l i e s  a f i e l d  independent incoherent  

(spontaneous and "thermal") emission rate 1-s well 2s a lir?ear 

s u s c e p t i b i l i t y  i n  t h e  u s u a l  sense  17  * . 
For such a system Eqs. ( 6 ) ,  (7 ) ,  and (9) may be  combined 

t o  g i v e  

( 9 )  

. .  
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which may be immediately in tegra ted  as 

where D s a t i s f i e s  

e- 

From Eqs..(3) and (11) we see  immediately t h a t  D i s  the  two point  

c o r r e l a t i o n  funct ion and Eq. (11) shows t h a t  a l i n e a r  system i s  

always "Gaussian" no matter what form the  two point co r re l a t ion  
1B 

may take 20'21. A similar r e s u l t  has been es tab l i shed  by Glauber 

for "chaotic" f i e l d  sources.  It may be t h a t  l i n e a r i t y  and 

' chao t i c i ty  are complementary descr ipt ions of the  same physical 

s i t u a t i o n .  The c r i t e r i o n  of l i n e a r i t y ,  however, is perhaps more 

* prec ise .  

For t h e  sake of completeness and f o r  use i n  the  sequel l e t  

us complete our ana lys i s  of Eq. (10) f o r  F{j)  by seeing what in-  

formation is contained i n  Eq. (12) f o r  D. Comparing Eq. (3) with 

Eq. (11) it is easy t o  ahow t h a t  the  FC' s t r u c t u r e  of D"'(xx') 

CBP be expressed in t he  matrix form 

ds(xx') 

+ ( d>(xx') . 

-d < (xx ' ) 

-d> (m ' ) 
DCC'(xx') dr(xx') 6 
where 

- 

d'(xx') = d<(x'x) i (<A(x)A(x')> - <A(x)><A(x')>) ( 1 4 4  

dr(xx') da(x'x) s' n ( t - t ' )  [d'(Rt')-d'(x'x) 1 (14b) 
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and n ( t )  is u n i t y  f o r  t p o s i t i v e  and zero  otherwise.  

we have shown elsewhere , Eq. (12) can be  e a s i l y  decomposed 

i n t o  t h e  two equat ions  

Then, as 
a2 

r < 
. where p and p are elements of I?"' i n  a decomposition i d e n t i c a l  

t o  Eq. (13). Now Eq. (1Sa) i s  t h e  equat ion  f o r  t h e  classical 

Green's func t ion  of t h e  e lec t romagnet ic  f i e l d  i n  a reg ion  of 

( f requency,  wavenumber, time, and p o s i t i o n  dependent) l i n e a r  

s u s c e p t i b i l i t i e s .  As i n  t h e  c l a s s i c a l  case t h i s  equat ion  

determines t h e  mode o r  quasimode s t r u c t u r e  of t h e  reg ion  as w e l l  

as t h e  frequency spectrum i n  terms of t h e  (complex) s u s c e p t i b i l i t y  

r P '  

From (14a) w e  see t h a t  d' c o n t a i n s  t h e  energy d e n s i t y  

(power spectrum) of t h e  f i e l d  as d' does no t .  Equation (15b) 

which determines t h i s  q u a n t i t y  is convenient ly  w r i t t e n  i n  t h e  

i n t e g r a t e d  form 

which has  been shown elsewhere" t o  determine t h e  energy d e n s i t y  

by d e t a i l e d  ba lance  of incoherent  emission i n t o  t h e  system, descr ibed  

by p , and a b s o r p t i v e  l o s s e s  contained i n  t h e  Green's f u n c t i o n s  dr 

and da. 

( f l u c t u a t i o n  d i s s i p a t i o n  theorem) between p 

< 

We n o t e  t h a t  thermal equi l ibr ium would imply a r e l a t i o n s h i p  

which is j u s t  of r < 
and p 
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t h e  c o r r e c t  form t o  ensure t h a t  d (xx') embodies t h e  Planck 

d i s t r i b u t i o n  i n  t h a t  case. 

Then we have completely solved t h e  genera l  equat ions  (6) 

- _  and (7) f o r  a l l  t h e  phys ica l ly  r e l evan t  c o r r e l a t i o n  func t ions  

of t h e  e lec t romagnet ic  f i e l d  i n  a medium with l i n e a r  c o n s t i t u t i v e  

equat ions ,  i n  terms of t h e  s u s c e p t i b i l i t y  and spontaneous emission 

rate which c h a r a c t e r i z e t h e  medium completely. We could,  a t  t h i s  

p o i n t ,  e i t h e r  go on t o  cons ider  t hese  equat ions  f o r . n o n l i n e a r  

media o r  show how count ing d i s t r i b u t i o n s  f o r  l i n e a r  systems are 

o b t a i n a b l e  from t h e  above r e su l t s23 .  It is  more convenient ,  

however, f o r  both t h e s e  d i scuss ions  f i r s t  t o  i n t roduce  a more 

g e n e r a l  gene ra t ing  f u n c t i o n a l  and d i s c u s s  its equat ions  of motion. 

In  t h e  next  s e c t i o n  we in t roduce  t h i s  new func t iona l  and go on t o  

compute t h e  l i n e a r  system counting d i s t r i b u t i o n .  



- 
111. IMPROVED GENERATING FUNCTIONAL AND LINEAR COUNTING DISTRIBUTION 

._ . -  _ _  . - - - . - 

We d e f i n e  a new genera t ing  f u n c t i o n a l  F" { j  ,U} by 

18 . 
* where now both  j and U are independent v a r i a b l e s  . Comparing 

.. 
Eq. (1) we see t h a t  F"{j,U=O} = F{j}. The p a r t i c u l a r  u t i l i t y  

of F', however, is seen  by not ing  t h a t ,  i n  view of Eq. (4) 

.60 t h a t  F' con ta ins  an e x p l i c i t  gene ra t ing  func t ion  f o r  f a c t o r i a l  

moments of t h e  count ing d i s t r i b u t i o n U .  

Glauber" or Kel ley  and Kle ine r  

Using t h e  r e l a t i o n  from 

13 

where p, is  t h e  p r o b a b i l i t y  of m counts ,  w e  see t h a t  F' gene ra t e s  

t h e  count ing d i s t r i b u t i o n  i t s e l f  as w e l l .  

from Eq. (6) f o r  F{j} and t h e  equat ions below f o r  F 'c j ,U),  j '(x) 

F i n a l l y ,  as is  evident  

p l a y s  t h e  r o l e  of  a p resc r ibed  cu r ren t  d r i v i n g  t h e  system. 

P'{j,U} 

Then 

+ 2r wi th  t h e  v a l u e  f o r  U used i n  Eq. (18) and j (x)=j'(x) j(x) 

chosen appropr i a t e ly  is a genera t ing  f u n c t i o n  f o r  t h e  count ing 

d i s t r i b u t i o n  f o r  t h e  system of i n t e r e s t  i n  t h e  presence of a 

p resc r ibed  d r i v i n g  c u r r e n t .  Such an express ion ,  when it can be 

e v a l u a t e d ,  might d e s c r t b e  t h e  s t a t i s t i c s  of t h e  s c a t t e r e d  l i g h t  from 
r 

. .  
10 
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. -  

I. 

26 medium Illuminated, say, by a highly coherent laser source 

- -- --_ 
A prescribed current in a linear system - has . also _. - been - -  a useful 

1D model in discussing laser fluctuations . 
Now corresponding to Eqs. (6) and (7) for F{j), F'(j,U) 

satisfies 

where 

while the identities 

I allow us to write the result of differentiating Eq. (20) with 

respect to j ~'(x') as 

: ayetem in question as soon as a constitutive equation relating 

- 

Equations (20)'-(23) again form a complete description of the 
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<J> to <A> is specified. 

' For a linear system the integration of these equations is 

again straightforward. 

just as Eq. (10) to give . 

Thus Eq. ( 2 0 )  with Eq. ( 9 )  can be integrated 

where D(U) is defined By 

. Then, noting that <A> = 0 when j = 0, Eq. ( 2 3 ) ,  with Eqs. (9 )  and 

(22) is 

where an obvious shorthand has been employed. Now taking account 

of the symmetry of the problem under matrix transposition of U we 

may write ( 2 6 )  as 

I -1 1 
2 = - tr [(l-DAU) " 6(Dmc)] " 

where 

DO 

and we have gone over 

Eq. (27) as being equ 

to a full matrix notation. 

valent to 

We recognize 



eo t h a t ,  with Eq. (24) w e  have the  exact so lu t ion  
, 

i .) -1 F'{j = exp - 2 t r{( l -DoU)  D o j j r  + i l o g  (l-DoC)}. 

Note t h a t  t h i s  is sti l l ,  i n  p r inc ip l e ,  completely-determined 

by t h e  system suscept ib ' i l i t i es  p and pr s ince ,  by Eq. (28), < 

Do is t h e  same as D of t h e  previous sec t ion  and determined by 

Eqo (15). 

Let us now see how a photocount d i s t r i b u t i o n  can be  ex t rac ted  

from Eq. (30). We choose t h e  form of U as i n  Eq. (18) and expand 

F' as 

where Kn is e x p l i c i t l y  evaluated by expanding Eq. (30) as 

5 5  
A% n = 2 [j5'(x1) ~1Dos,5~(x1x2)U"2 F 3(x2x3)Do 4(x3x4). . 

and we s t i l l  use  t h e  convention of summing over repeated ind ices  5 

and i n t e g r a t i n g  over repeated va r i ab le s  X. 

Now by inve r t ing  Eq. (10) and remembering t h e  d e f i n i t i o n  

Eq. (28) of Do i t  is easy t o  see  t h a t  
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I Then t h e  two j 's  i n  t h e  f i r s t  term of Eq. (32) and t h e i r  ad jacen t  

D ' 8  can b e  w r i t t e n  us ing  t h e  symmetry r e l a t i o n  (22) as 0 

t h a t  is, t h e  coherent  f i e l d  generated by t h e  p re sc r ibed  c u r r e n t .  

and w e  may rewrite Eq. (32) as 

Y * &  F, 1 A% = - [ (D(12)+nDc(12))U (23)D(34)U(45). . .D(2n-l,2n)U(2n,l)] n 2n 

. 

(35) 
a ,  

where now (1) is shorthand f o r  (x1,tl). 

Equat ion (35) can be  f u r t h e r  s i m p l i f i e d  i f  t h e  d e t e c t o r  

system has  c e r t a i n  p r o p e r t i e s .  L e t  u s  more c l o s e l y  examine a 

p o r t i o n  of  t h e  product  above. Thus 

(36) 
1 x exp -i [ w1 ( t2 - t3)+w2 ( t3-t4)+ 2 (t 3+t4)+u3 (t4-ts) 1 

where w e  have used Eqs.' (S) ,  (18), and (21) and t h e  Si dependence of . 

D r e f l e c t s  a p o s s i b l e  n o n s t a t i o n a r i t p  of t h e  system. The s i m p l i f i c a t i o n  

. 
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mentioned above o b t a i n s  i f  w e  may say e i t h e r  t h a t  t h e  d e t e c t o r  

on ly  ope ra t e s  on t r a n s i t i o n s  to -a  higher  energy state,  so t h a t  

g(w) is nonzero only a t  p o s i t i v e  o p t i c a l  f requencies28,  o r  t h a t  

i t  ope ra t e s  on t r a n s i t i o n s  t o  a lower state2' so t h a t  only 

nega t ive  w c o n t r i b u t e .  Then, cons ider ing  t h a t  Ci is sma l l  r e l a t i v e  

t o  o p t i c a l  f r equenc ie s  and t h a t  4( t )  d e f i n e s  an i n t e r v a l  long com- 

pared  t o  inve r se  o p t i c a l  f requencies ,  t h e  t and t i n t e g r a l s  i n  3 4 
Eq. (36) ensure t h a t  w,. w2 where t h e  s i g n  means c l o s e  

compared t o  o p t i c a l  f requencies .  But s i n c e  g(w)g(-3) - 0 when 

w w' t h e  only terms surv iv ing  of t h e  fou r  i n  Eq. (36) a r e  

t h o s e  coupl ing g(wl) with  g(w3) and g(-wl) with  g(-w3). 

r econe t ruc t ing  t h e  Four ie r  t ransforms,  

O3 

That is, 

Extending t h i s  argument t o  t h e  f u l l  expression (35) i t  is  e a s i l y  

shown t h a t  K and g +- is t h e  sum of two terms, one con ta in ing  D n 0 

i n  t h e  c o r r e c t  ma t r ix  o r d e r  while t h e  o t h e r  involves  Do3 and g i n  

transposed order. 

Eqe. (13) and (14) one e a s i l y  shows t h a t  t h e  two terms are equal  

Fiiially, ex-,lcfting the sy-e+_ries  i nhe ren t  i n  

so t h a t  K, is  f i n a l l y  w r i t t e n  
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and F' may be r econs t ruc t ed  aa 

Equat ions (38) and (39) are now i n  a form 

t r e a t e d  i n  c e r t a i n ,  p h y s i c a l l y  r e l e v a n t ,  s p e c i a l  

w i t h  a t h i n  d e t e c t o r  o r i e n t e d  normally t o  a w e l l  

which is e a s i l y  

cases. Thus, 

co l l ima ted  beam 

< 
and a count ing t i m e  sh0'i.t compared t o  t h e  coher.ence t i m e  i n  d , 
one f i n d s  i n  t h e  u s u a l  way - 

and 2 is a s u i t a b l e  average counter  s e n s i t i v i t y .  

i d e n t i c a l  t o  one obta ined  by GlauberlD f o r  t h i s  case via  a q u i t e  

Equation (40) is 

d i f f e r e n t  rou te .  The o p p o s i t e  case  of a long count ing i n t e r v a l  

y i e l d s  t h e  r e s u l t  

* 

where w e  have assumed a Lorentzian spectrum of f u l l  width 5 and A 

i e  t h e  d i f f e r e n c e  between t h e  c e n t e r  frequency of t h e ' L o r e n t z i a n  * 
, 



17 

line and the assumed single frequency of the coherent signal. 

The factorial moments’and counting distributions corresponding 

to’ Eqs.  (40) and ( 4 2 )  are found by use of Eqs. (18) and (19) . 



IV. SOME NONLINEAR RESULTS 

I n  a d d i t i o n  t o  t h e  exac t  r e s u l t s  (eg. Eq. (30) o r  (39)) . 

we have obta ined  f o r  l i n e a r  systems it  is  p o s s i b l e  t o  e x t r a c t  

from t h e  equat ions  ((20)-(23)) f o r  F'{j ,Vi) some approximate 

r e s u l t s  f o r  non l inea r  systems. For example, i f  t h e  c o n s t i t u t i v e  -- 
equat ion  Inc ludes  a cubic  term 

(44) 
.- 

and t h e  expres s ion  (Eq. (22)) f o r  D as a d e r i v a t i v e  of F' makes a 

complete c losed  set  of equat ions  f o r  F'. The c o n s t i t u t i v e  equat ion  

(43), w i th  a p a r t i c u l a r  eva lua t ion  of I' has  been t h e  b a s i s  f o r  a 

number of laser t h e o r i e s  'lS3l. It may a l s o  be  a p p r o p r i a t e  f o r  t h e  

d e s c r i p t i o n  of anharmonic phonons i n  some materials. 

We treat h e r e  only  t h e  dev ia t ions  from Gaussian behavior  

induced by t h e  cub ic  term i n  Eq. (43) t o  lowest  o r d e r  i n  t h e  

n o n l i n e a r  c o e f f i c i e n t  f u n c t i o n  l'. For c l a r i t y  we l e a v e  t h e  d e t a i l s  

o f  t h e  p e r t u r b a t i o n  scheme t o  an appendix and j u s t  n o t e  t h e  b a s i c  

result  f o r  t h e  c o r r e l a t i o n  func t ion  
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I 

I (4 7; 

which g ives  t h e  f i r s t  o rde r  e f f e c t s  of t h e  n o n l i n e a r i t y  on t h e  

mode s t r u c t u r e ,  spectrum and power spectrum of t h e  system. 33 

Now t h e  p a r t i c u l a r  p a r t  of G which is measured by an 

2n 
where & means t h e  sum over a l l  maps of 1,. . . ,2n onto jl,.. . , j  

except  t h a t  maps which d i f f e r  only by a permutation of i n d i c e s  
*. 

i n s i d e  a D' o r  L are considered t o  be t h e  same. D'(12) is  t h e  

symmetric two poin t  func t ion  D t c  2(x1x2)52 = i < A  5 (xl)A 52 (x2)>  

, whi le  L(1234) is  t h e  f u l l y  symmetric expression 

which desc r ibes  t h e  i n t e r a c t i o n  of a s i n g l e  p a i r  of photons v i a  

t h e  non l inea r i ty .  

. In t h e  same approximation D s a t i s f i e s  t h e  equat ion  (when 

I U is  f i n a l l y  set t o  zero) 

~ 

a b s o r p t i v e  d e t e c t o r  is  

+ i- 
G ' ( l ' , *  .n ' ;  l,*. .n) X <A-(l ') a. .A-(n')A (1).  ..A (n )>  

1 
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where, in a d d i t i o n  to t h e  order ing  implied by t h e  choice  of 

s u p e r s c r i p t s ,  A(l)...A(n) have only t h e i r  p o s i t i v e  frequency 

p a r t s  c o n t r i b u t i n g  whi le  A(1 ' )  . . .A(n') c o n t r i b u t e  wi th  nega t ive  

frequency only.  The terms of Eq. ( 4 5 )  which su rv ive  i n  G' are 

* 

G ' ( l ' , . . .  n ? ;1,... n) = 1 d<(l, j l)d '(2,j2). . .d < (n,j,) 
M 

where IN means t h e  sum over  t h e  n! maps of l', ...n' i n t o  

+ 'jn, 

exchanging j 

which choose t h e  v a r i a b l e s  i n  L and t h e  prime on t h e  product in 

t h e  L dependent term means t h a t  t h e r e  are only  n-2 f a c t o r s  as 

does no t  d i s t i n g u i s h  maps wliibhrldiffer on ly  by 

and j,, 1, means w e  sum as w e l l  over  p a r t i t i o n s  a 

t h e  v a r i a b l e s  which appear  i n  L do no t  appear  i n  t h e  product. 

There are n ( n - l ) n !  terms i n  t h e  second sua. F i n a l l y  we  have 

used Eq. (13) t o  write D'* as d'. 

1 
4 

With Eq. (4),  Eq. (49) aga in  p r e d i c t s  count ing d i s t r i b u t i o n s .  

In t h e  l i m i t  of s h o r t  count ing times compared t o  t h e  coherence times 

5n D and f and f o r  t h e  s i m p l e  f i e l d  and d e t e c t o r  geometry w e  have 

p rev ious ly  used,  one f i n d s ,  for example, t h e  f a c t o r i a l  moments 

where <O is def ined  i n  Eq. (41a) and L is  t h e  v a l u e  of L(1234) 

, w i t h  a l l  t i m e s  set  equa l ,  d iv ided  by t h e  squa re  of t h e  f i e l d  

i n t e n s i t y .  Then, u s ing  Eq. (19) we f i n d  f o r  t h e  p r o b a b i l i t y  of 
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34 m counts  

Although Eqs. (45)-(51) conta in  on ly  t h e  s i m p l e s t  e f f e c t s  

of t h e  n o n l i n e a r i t y  on t h e  system i n  ques t ion  t h e  r e s u l t s  are s t i l l  

of some p h y s i c a l  i n t e r e s t .  L e t  us b r i e f l y  mention s e v e r a l  po in t s .  

I n  t h e  f i r s t  p l a c e ,  Eqs. (50) and (51) show t h a t ,  no matter 

how weak t h e  i n t e r a c t i o n  s t rengthT&,ccorre la t ion  func t ions  of 

s u f f i c i e n t l y  h igh  o r d e r  are 

t h e  n o n l i n e a r i t y .  

' in  I' would change t h i s  conclusion,  y e t  i t  s t r o n g l y  sugges ts  t h a t ,  

s t r o n g l y  modified t o  first order  in 

While i t  is poss ib l e  t h a t  h i g h e r  o r d e r  terms 

s i n c e  t h e r e  is a small phobon-photon i n t e r a c t i o n  even i n  t h e  vacuum, 

it is never c o r r e c t  t o  t h i n k  of a photon f i e l d  as l i n e a r  (or  

Gaussian) t o  a good approximation i f  c o r r e l a t i o n  func t ions  of a l l  

o r d e r s  are be ing  considered.  

Secondly,  as mentioned above, Eq. (43) can d e s c r i b e  a laser, and 

o u r  r e s u l t  Eq. (51) f o r  a counting d i s t r i b u t i o n  should be v a l i d  i n  a 

r e g i o n  of o p e r a t i o n  (below threshold)  where t h e  non l inea r  e f f e c t s  are 

still weak. An evaluation of L and an a n a l y s i s  of Ea_. (47) f o r  t h e  

l i n e w i d t h  and i n t e n s i t y  of Lamb's gas laser model has  been c a r r i e d  

o u t  i n  t h i s  r eg ion ,  us ing  t h e  eva lua t ion  o'f I' from Ref. (11). The 

r e s u l t s  are as fol lows.  

2 2  
The parameter  L i n  Eq. (51) can be  expressed as L - p N , 

where N is t h e  number of  photons i n  t h e  mode, (def ined  as t h e  

ave rage  energy i n  t h e  mode divided by hv) whi le  t h e  cons t an t  p 

c h a r a c t e r i z e d  t h e  laser i n  ques t ion  and is eva lua ted  as 
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(52) 
, I 

1 .  Here A and wo are t h e  wavelength and c i r c u l a r  frequency of t h e  

I laser l i n e ,  V is  t h e  "mode volume", which should be taken as 

t h e  phys ica l  volume o f  t h e  beam, yg and y1 are t h e  n a t u r a l  l i n e -  

wid ths  of t h e  upper and lower l e v e l s  r e s p e c t i v e l y  and y2' is  t h a t  

p a r t  of t h e  upper l e v e l  n a t u r a l  l i newid th  due t o  t r a n s i t i o n s  t o  

level one: A t y p i c a l  va lue  €or p i n  a gas  laser might b e  lom4. 
In t h i s  same approximation t h e  i n t e n s i t y  s a t i s f i e s  t h e  r e l a t i o n  

d 

where 

2 n - l  w = -  
P n  ( 5 4 )  

and n is t h e  r a t i o  of t h e  l e v e l  i n v e r s i o n  t o  t h a t  r equ i r ed  f o r  t h e  

nominal threshold35. The l i newdi th  s a t i s f i e s  t h e  Townes r e l a t i o n  . 36 

37 The above r e s u l t s  have been compared t o  those  of Risken , 
which are v a l i d  f o r  a l l  i n t e n s i t i e s .  

t h e  count ing  d i s t r i b u t i o n  der ived from Risken's i n t e n s i t y  d i s t r i b u t i o n  

reduces  e x a c t l y  t o  t h e  form of Eq. (51). 

I n  t h e  l i m i t  of small i n t e n s i t y  

Furthermore a comparison 

. w i t h  h i s  express ion  for  t h e  average i n t e n s i t y  shows t h a t  L i s  

eva lua ted  i d e n t i c a l l y  and t h a t  h i s  w and our  w are t h e  same parameter. 

Then Eq. ( 5 4 )  may be  taken  as an eva lua t ion  of Risken's e x c i t a t i o n  

parameter  i n  terms of t h e  phys ica l  c o n s t a n t s  of a gas  l a s e r  system. 

As a f i n a l  a p p l i c a t i o n  O T E q .  -(Si) --(or-the-corFe%poncling--- 

results f o r  similar c o n s t i t u t i v e  r e l a t i o n s )  l e t  us cons ide r  a r ecen t  
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proposal' f o r  us ing  i n t e n s i t y  c o r r e l a t i o n s  i n  Raman s c a t t e r i n g  

t o  measure t h e  l i f e t i m e s  of o p t i c a l  phonons i n  c r y s t a l s .  

._ . B r i e f l y ,  F e t t e r  shows t h a t  the c o r r e l a t i o n  f u n c t i o n s  of t h e  

s c a t t e r e d  l i g h t ,  when t h e  incoming l i g h t  is coherent ,  are 

d i r e c t l y  r e l a t e d  t o  

c r y s t a l ,  w i th  t h e  same order ing  as t h e  c o r r e l a t i o n  f u n c t i o n s  

we have been discussing3*.  

s ta t is t ics  of  t h e  s c a t t e r e d  l i g h t  from Gaussian w i l l  r e f l e c t  

phonon c o r r e l a t i o n  f u n c t i o n s  i n  t h e  
-_ - _ _  .. - - - _ _ _  

Then t h e  d e v i a t i o n  of t h e  count ing 

a n o n l i n e a r i t y  i n  t h e  phonon system and may a l low an estimate 

of t h e  s t r e n g t h  of  t h e  phonon-phonon i n t e r a c t i o n  i n  t h e  c r y s t a l .  

The f e a s i b i l i t y  of an  experiment a long  t h e s e  l i n e s  is be ing  

examined 



V. CONCLUSION 

In summary then ,  w e  have der ived  dynamical equat ions  f o r  

gene ra t ing  f u n c t i o n a l s  of t h e  phys ica l ly  i n t e r e s t i n g  c o r r e l a t i o n  

f u n c t i o n s  of any system of i n t e r a c t i n g  photons i n  t h e  presence 

of t h e i r  sources .  W e  have shown t h a t  f o r  t h e  important  s u b c l a s s  

of l inea;  systems t h e  equat ions  are e x a c t l y  i n t e g r a b l e ,  and t h a t  

. 

t h e s e  systems always have Gaussian behavior ,  whether o r  no t  t hey  

are s t a t i o n a r y  and independent of t h e  spectrum and power spectrum. 

An e x p l i c i t  express ion  from which count ing p r o b a b i l i t i e s  are ob- 

t a i n a b l e  was developed and w a s  eva lua ted  f o r  some p h y s i c a l l y  in-  

t e r e s t i n g  cases of s imple source and d e t e c t o r  c h a r a c t e r i s t i c s .  

We then  t r e a t e d  a system wi th  a cub ic  n o n l i n e a r i t y  i n  

. t h e  c o n s t i t u t i v e  equa t ion ,  by p e r t u r b a t i o n  theory ,  t o  lowest  

o r d e r  i n  t h e  n o n l i n e a r  c o e f f i c i e n t .  

t h e  count ing p r o b a b i l i t i e s  w e  conclude t h a t  any small n o n l i n e a r i t y  

From t h e  express ion  f o r  

s p o i l s  t h e  Gaussian behavior  f o r  a s u f f i c i e n t l y  h igh  o r d e r  

c o r r e l a t i o n  func t ion .  The results are i n  agreement wi th  t h e  

a p p r o p r i a t e  l i m i t  of a non l inea r  laser theory  developed by 

. .I 
i Rieken, and a p o s s i b l e  a p p l i c a t i o n  t o  t h e  measurement of phonon- 

phonon i n t e r a c t i o n s  in a c r y s t a l  is discussed.  
0 
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APPENDIX 

NONLINEAR PERTURBATION THEORY 

W e  s k e t c h  the s t e p s  lead ing  from Eq. (44) i n  Sec t ion  IV 

t o  Eqs. (45 ) - (47 ) .  F i r s t ,  no t ing  t h a t  t h e  r e l a t i o n  

-1 -- 
6 D ( 1 2 )  = -D( l l )  D(2'2) 
6U (34) ( 5 5 )  

we rewrite Eq. (44) as 

L 

which i d e n t i f i e s  the q u a n t i t y  i n  c u r l y  b r a c k e t s  as D-l(l1) and 

p rov ides  an exac t  equat ion  f o r  t h i s  quan t i ty .  An i t e r a t i v e  

s o l u t i o n  t o  this equa t ion  i n  powers of I' i s  e a s i l y  obta ined ,  of 

which w e  r e t a i n  on ly  t h e  f i r s t  term 

where w e  d e f i n e  

Equat ions  (57) and (58) immediately y i e l d  .Eq. (47). Equation 

( 4 5 )  is  obtained by no t ing  t h a t  

25 
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. .  

[%(2n-3,2n-2) 6- 4- D' x D' (2n-l,2n) (59) 

wliich follows from Eqs. (17) and (22)  when j = 0. Thus 
. I  

%ih-J.ch i s ,  t o  lowest order, according to Eqs. (57) and (21) 

-G(1234) D'(12)D'(3~t)i-D'(13)D' (24)+D'(14)D' (23) 

% Dt(12)D'(36)+D' (13)D' (24) - I .D ' (14)D1 (23)-L(1234) (61) 

where the l a s t  step again involves taking the lowest order tern and 

L i s  defined i n  Eq. (46 ) .  I t  i s  easy to show that  repeated use  of 

th i s  procedure enables on2 to write E q .  (59) as Eq. (45) to  lowest 

order in I'. 
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(now i n t e r a c t i n g )  e lec t romagnet ic  f i e l d  o p e r a t o r s ,  do not  
s e p a r a t e  i n t o  p o s i t i v e  and nega t ive  frequency p a r t s  and 
allow t h e  d e t e c t o r  t o  be i n  any i n i t i a l  ensemble of states. 
The use  of t h e  vec to r  p o t e n t i a l  A i n s t e a d  of t h e  e l e c t r i c  
f i e l d  E j u s t  corresponds t o  a 
i n  t h e  d e f i n i t i o n  of t he  d e t e c t o r  s e n s i t i v i t y  func t ion .  The 
connect ion of t h e  c a l c u l a t i o n  i n  Lec ture  V of Ref. (1C) wi th  
f a c t o r i a l  moments i s  made i n  Lec ture  XVII. Note t h a t  f o r  t h e  
usua l  counters  considered g(rw) only  con ta ins  p o s i t i v e  o r  
nega t ive  o p t i c a l  f requencies ,  and t h e  t i m e  i n t e g r a t i o n s  i n  
Eq. (4) e x t r a c t  t h e  expected frequency p a r t s  from t h e  A(x). 
For r a d i c a l l y  d i f f e r e n t  t y p e s  of d e t e c t o r s  Eq. (4) may be  
modified b u t  w e  still  expect t h e  e lec t romagnet ic  f i e l d  
o p e r a t o r s  t o  come i n  wi th  t h e  same type  of order ing .  

f a c t o r  of t h e  frequency squared .. 

For a s ingl-e  d e t e c t o r  $ ( r t j  w i l l  be  independent rf r. 
gene ra l  form is u s e f u l  i n  desc r ib ing  mul t icounter  delayed 
d o r r e l a t i o n  experiments.  

The 

16. Ref. (11). Also see below. 

17. I n  thermal equi l ibr ium the  s u s c e p t i b i l i t y  and incoherent  emission 
rate are r e l a t e d  by t h e  f luc tua t ion -d i s s ipa t ion  theorem and 
e i t h e r  of t h e  two p r o p e r t i e s  mentioned h e r e  imp l i e s  t h e  o the r .  
This i s  no longer t h e  case vhen thermal equi l ibr ium does no t  
ho ld .  
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Here and hencefor th  we use the  convention of summing over  
repea ted  i n d i c e s  and i n t e g r a t i n g  over  repea ted  v a r i a b l e s .  

To g e t  from Eq. (10) t o  Eq. (11) w e  have i m p l i c i t l y  assumed 

t h e  symmetry of D'"(xx')<' and t hus  of P5"(xxE). But t h e  

symmetric func t ion  & < A  (x)>/aj (x') a l s o  s a t i s f i e s  Eq. (12) 
so w e  must choose P wi th  the  fequi red  symmetry f o r  a p h y s i c a l l y  
r e z l i z a b l e  system. 

5 5' 

This  i s  a l i t t l e  d i f f e r e n t  from a classical Gaussian system 
as t h e  c o r r e l a t i o n  functions.  r e f e r  t o  ope ra to r s  which do n o t  
commute. Only t h e  phys ica l  ope ra to r  o rde r ings  (Eq. ( 3 ) )  are 
indluded and t h e  o r d e r  i s  r e t a ined  i n  t h e  decomposition i n  
ternis of two po in t  func t ions  where r e l e v a n t ,  t h a t  is, w i t h i n  
any s i n g l e  two po in t  func t ion .  

One cavea t  i s  necessary.  Equation (11) might seem t o  
imply t h a t  every f i e l d  once escaped from i ts  gene ra t ing  
r eg ion  and i n  t h e  l i n e a r  region of f r e e  space becomes 
Gaussian. Th i s  i s  c l e a r l y  no t  t h e  case and t h e  d i f f i c u l t y  
arises because w e  have ignored i n i t i a l  cond i t ions  i n  i n t e -  
g r a t i n g  Eq. (10). Equation (11) then  does not  apply t o  f r e e  
f i e l d s ,  where t h e  i n i t i a l  aond i t ions  are always i n p o r t a n t ,  and 
a p p l i e s  t o  i n t e r a c t i n g  f i e l d s  only  i n s o f a r  as t h e  i n t e r a c t i o n  
h a s  been l inear  f o r  a t ime long compared wi th  t h e  r e l a x a t i o n  
t i m e  ( i nve r se  bandwidth) contained i n  I) so  t h a t  i n i t i a l  cor- 
r e l a t i o n s  have d,amped o u t  and t h e  f i e l d  is determined by i t s  
l i n e a r  sources .  

Ref. ( I f ) ,  footnote (IO). 

Counting d i s t r i b u t i o n s  a r e  found t h i s  way i n  Ref. (IC). 

For t h i s  cho ice  of U ,  F' is Glaubers Q ( X ) ,  def ined  i n  Ref. 
( lc) ,  Lec ture  XVII. 

For a rea l  p re sc r ibed  e x t e r n a l  source  j 
Eq. (10) t h e  p h y s i c a l l y  requi red  reiai; ioii  <A+> 

+ = j- so t h a t  i n  
= cF, > hol-ds. 

The p resc r ibed  c u r r e n t  he re  would be  an e f f e c t i v e  c u r r e n t  
chosen t o  mimic t h e  a c t i v e  laser  region.  

Corresponding t o  t h e  t r ansve r se  n a t u r e  of t h e  e lec t romagnet ic  
f i e l d  t h e  6 fui ic t ion i n  Eq. (23) should be  a t r a n s v e r s e  
B func t ion .  Th i s  w i l l  be i r r e l e v a n t  i n  what fo l lows  and w e  
hence fo r th  ignore  i t  

See E q 5 *  (4) and ( 5 )  and Ref. (1C) Lecture W. 
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f u n c t i o n  f o r  a non l inea r  d i e l e c t r i c  and E q s .  (15b) and (16) 
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POLARIZATION Ah?) AESORPTION EFFECTS ON THE FRAUhTOFER 

DIFFRACTION PATTERNS OF A CORNER REFLECTOR 

C. 0. Alley,  R. F. Chang, D. G .  Cur r i e ,  M. E. Pi t tman 

Univers i ty  of Maryland, College Park, Maryland 

I. INTRODUCTION 

The f a r  f i e l d  d i f f r a c t i o n  p a t t e r n  of a corner r e f l e c t o r  w i l l  be  

considered,  e s p e c i a l l y  t h e  e f f e c t s  of t h e  r e l a t i v e  phase s h i f t s  between 

d i f f e r e n t  p o l a r i z a t i o n s  caused by t o t a l  i n t e r n a l  r e f l e c t i o n .  E. R. Peck 

has s t u d i e d  t h e  r e s u l t a n t  s t a t e  of p o l a r i z a t i o n  of t h e  r e f l e c t e d  l i g h t  

when a p e n c i l  of l i g h t  f a l l s  upon one s e c t o r  of t h e  co rne r .  M. M. Rao , 

fo l lowing  t h e  method of Peck,has made i! numerical s tudy  of t h e  s t a t e  of 

p o l a r i z a t i o n  f o r  a corner  r e f l e c t o r  constructed of a p a r t i c u l a r  type  of 

1 

2 

g l a s s .  The e i g e n  s ta tes  of p o l a r i z a t i o n  p r e d i c t e d  by Peck have been 

exper imenta l ly  v e r i f i e d  by Rabinowitz, e t  a1 . A s tudy,  i n  terms of 

geometr ic  o p t i c s ,  of t h e  e f f e c t s  of angular  e r r o r s  i n  t h e  prism on t h e  

r e t u r n  image h a s  been made by P. R. Yoder, Jr. . Kowever, our p r e s e n t  

3 

4 

d i s c u s s i o n  s h a l l  assume t h a t  t h e  corner i s  geometr ica l ly  p e r f e c t ;  i .e . ,  

t h e r e  are no angular  e r r o r s  i n  t h e  corner  r e f l e c t o r .  

A beam of p lane  p a r a l l e l  monochromatic l i g h t  f a l l i n g  upon a f l a t  
/- 

c i r c u l a r  m i r r o r  produces i n  t h e  f a r  f i e l d  t h e  well-known Airy d i f f r a c t i o n  

p a t t e r n .  I n  t h e  fol lowing w e  consider  t h e  f a r  f i e l d  p a t t e r n  produced by 

combining t h e  beams of d i f f e r e n t  p o l a r i z a t i o n  which emerge froin t h e  s i x  

s e c t o r s  of t h e  corner  r e f l e c t o r .  The p o l a r i z a t i o n  and amplitude of each 

of t h e s e  s i x  beams is  determined by the  o p t l c a l  p r o p e r t i e s  of the rear 

i n t e r f a c e  between the corner  m a t e r i a l  and a metal CY a d i e l e c t r i c ,  
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i . e . ,  t h e  a i r  o r  vacuum,as w i l l  be  discusspd i n  t h e  fo l lowing .  I n  g e n e r a l ,  

t h i s  p a t t e r n  has  more s t r u c t u r e  and angular divergence than  t h e  p a t t e r n  

which b7ouId be obtained i f  t h e  corner r e f l e c t o r  a c t e d  i n  t h e  same manner 

as a f l a t  m i r r o r  of t h e  same diameter.  

I n  more d e t a i l ,  each r ay  which “composes’’ t h e  i n c i d e n t  plane wave 

f a l l i n g  on t h e  corner  r e f l e c t o r  i s  followed through a corner  r e f l e c t o r  

i n  t h e  manner of Peck, and t h e  phase and amplitude of t h e  r ay  emerging 

from t h e  f a c e  of t h e  corner  r d l e c t o r  are determined. W e  t hus  n e g l e c t  

d i f f r a c t i o n  e f f e c t s  wliich occur  i n s i d e  t h e  corner  r e f  l e c t o r .  The phase 

s h i f t  and ampli tude are determined by t h e  o p t i c a l  p r o p e r t i e s  o f  t h e  r e a r  

s u r f a c e ;  i . e . ,  t h e  glass-metal ,  g l a s s - a i r ,  o r  a i r -metal  interfac.e.  Each 

of t h e s e  rear i n t e r f a c e s  causes  a r e l a t i v e  phase s h i f t  between t h e  com- 

ponents p o l a r i z e d  p a r a l l e l  and perpendicular  t o  t h e  p lane  o€ incidcnce.  

An i n t e r f a c e  w i t h  a metal  component a l s o  in t roduces  a change i n  t h e  

ampli tude of t h e  wave, Our r e s u l t s  will b e  cornpaled t o  those  f o r  a 

p e r f e c t ”  metal coa t ing  a t  t h e  rear i n t e r f a c e  by which we mcan an i n t e r -  I I  

f a c e  w i t h  t h e  i d e a l  properL7‘es of  no change i n  amplitude and a r e l a t i v e  

change of phase between t h e  p a r a l l e l  and perpendicular  components of 

p o l a r i z a t i o n  of -n .  ( A  mateLial with i n f i n i t e  conduct iv i ty  a t  o p t i c a l  

f r e q u e n c i e s  would s a t i s f y  t h i  5 c r i t e r i a  of “ p e r f e c t i o n ” . )  

“he amplitude and phase o r ,  equiva len t ly ,  t h e  complex apipi i t u d e s  

t hus  deteimined have d i f f e r e n t  values  on t h e  d i f F c r e n t  s e x t a n t s .  I n  

t h i s  computation, i t  has  bccn assumed t h a t  t h e  i n c i d e n t  plane trave i s  

approx:’ii:atfly perperldicular t o  t h e  f r o n t  f a c e .  Rota t ing  t h e  corne?- re -  

f l e c t o r  b y  an ang1.e 4, uou Id  have t w o  e f f e c t s : .  (1.) an ovcrall.  change i n  

the ZijpnrcniI shape of t h e  f r o n t  f acc ( o r  t h e  a p e r t u r c )  which would e-spand 

one a x i s  of  t h e  res11ltailt: diffrclcti.on p a t t e r n ,  a n d  ( 2 )  a change i n  t l i t  
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angles  of r e f r a c t i o n  a t  t h e  real- j i i t c r face ,  which woulcl involve  tlic 

charge of r e l a t i v e  phase s h i f t s  w i th  angle .  The l a t t e r  e f f e c t  i s  second 

o rde r  i n  t h e  angle  4, and thus  smal l .  The f a c e  of t h e  corner  r e f l e c t o r  

i s  assumed t o  be  c i r c u l a r .  S c a l a r  d i f f r a c t i o n  theory i s  used t o  dcterniine 

t h e  f a r  fie1.d p a t t e r n  which r e s u l t s  from a l l  s e x t a n t s  w i t h  d i f f e r e n t  

complex ampli tudes. .  The d i f f r a c t i o n  is c a l c u l a t e d  f i r s t  f o r  an a r b i t r a r y  

complex ampli tude f o r  each s e c t o r ,  and l a t e r  t h e  compl cx ampli tudes 

are  g iven  t h e  va lues  which would r e s u l t  from a p a r t i c u l a r  r e a r  i n t e r f a c e .  

The F r e s n e l  r e f l e c t i o n  from t h e  f r o n t  f a c e  has been neglec ted .  

a f f e c t  the d i f f r a c t i o n  p a t t e r n  ( a p a r t  f rom loss of  i n t e n s i t y )  onl-y i.f 

t h e  beam were exac t ly  perpendicular  t o  t h e  f r o n t  f ace .  

It would 

The p r o p e r t i e s  of s p e c i f i c  i n t e r f a c e s  are  considered i n  Szc t ion  V, 

and t h e  d i f f r a c t i o n  p a t t e r n s  f o r  s i l v e r ,  aluminum and t o t a l  i n t e r n a l  z:e- 

fleet ion are  d iscussed .  

t o  t h a t  of a “perfez’i” metal ,  and t o t a l  i n t e r n a l  r e f l e c t i o n  produces marked 

d i f i r a c t i o n  e f f e c t s .  I n  t h i s  s e c t i o n ,  some of t h e  symmetries oE tlle 

d i f f r a c t i o n  p a t t e r n s  arc. d i scussed .  

The metals have d i f f r a c t i o n  p a t t e r n s  rcither s i m i l a r  

I n  Sec t ion  V ,  we p resen t  some photographs of  t h e  Fraunhofer d i f f r a c -  

These are  seen  t o  conf i r n i  t h e  t rea tment  and approxiniations t i o n  p a t t e r n .  

made. 



II POLARIZATIOS hl\ID IN'I'KXSITY EFFECTS OF A COI;J?TFI< REl'LECTOR ON 

A PENClL OF LIGFlT 

A p e n c i l  of l i g h t  which impinges ax ia l - ly  upon one of t h e  sex- 

t a n t s  of a corner  r e f l e c t o r ,  a f t e r  be ing  r e f l e c t e d  consecut ive ly  

froin t h r e e  sur iac3s , emerges from the s e x t a n t  oppos i t e  t o  t h e  one 

i t  en te red .  A s  shown i n  F ig .  1, we d e s i g n a t e  by i and j the u n i t  
A A 

Q$-?- I 1 

F I G .  1 

IDENTIFICATiOK OE' SEXTANT b.XD PESIGSATI O N  02.' 
POL A R I  TI Z AT I 0 N 0 I: C 00 RJ) I N AT E VE C TO RS 

Real Edges are  ind ica t ed  by so1.i.d l i n e s ,  virtual 
edges are i n d i c a t e d  by dot ted  l i n e s .  

v e c t o r s  pe rpend icu la r  and pa ra l l . e l ,  r e s p e c t i v e l y ,  t o  t h e  p l a n e  of 

i n c t d e n c e  of t h e  s e x t a n t  l a b e l t d  by 4 .  The l i g h t  u = , wherc - (:;I 
u and u are  t h e  conplex a m p l j t u c l e s  r e p r e s e n t i n g  the phases  and 

real  ampli tudes of t h e  monochromatic l i g h t  i n  t h e  d i r e c t j o n  of i 

and j r e s p e c t i v e l y ,  e n t e r i n g  t h e  s e x t a n t  l abe led  by 4 would emerge 

froin t h e  s e x t a n t  1 a h e l c d  by 1 w i t h  d i f f e r e n t  coii,plex components 

1. 2 
A 

A 

U' = ( :::) . By t r a c i c h i  t 5 e  ray through each r e f l e c t i o n ,  i t  has becii 
1 



T h e  ma t r ix  C " h2-s t h e  forin 

where r, and r,, a r e  complex c o e f f i c i e n t s  of re f lec tancc j  which may 

b e  w r i t t e n  as r, = pL cxp (is,) and r,, = p,, exp ( j a , , ) .  For t o t a l  

i n t e r n a l  r e f l e c t i o n  p, = p,, = 1; uthei-wise, p, and p,, arc. l e s s  than 

u n i t y  r ep resen t in& r e f l e c t i o n  l o s s .  Using the  SaDiC p o l a r :  , a t i o n  vecl ors 

for all s e x t a n t s ,  we have s i x  d i f f e r e n t  ma t r i ces ,  

un = cn I1 " -  

where n = I, 2, 3, 4 ,  5 ,  and 6.  

ampli tude y 

from nth s e x t a n t .  

C1 which i s  expressed i n  terms of P a u l i ' s  s p i n  ma t r i ces ,  f o r  t h e  

The supclrsci-ipt n of t he  complex 

n n 
and the  nlnt  1 jx C - i s  zssoCizLLted wi th  the l i g h t  enerz ing  

The ma t r ix  i n  E q .  (1) can now be i d e n t i f i e d  as 

convenience of t h e  fol lowing c a l c u l a t i o n ,  ?'.n t h e  form 
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where 

and 

z . 43 c E -1 - 1 6  (rL + rl ,)  (rL - r l l )  . 

The m a t r i c e s  C 3  .. and C 5  I can b e  obtained by r o t a t i n z  the  mat r ix  

by t h e  a n r l e s  ‘120’. C1 .. 
RCR-’ - - -  y i e l d i n g  

Such a r o t a t i o n  nlny be  acconp’ ;sI~cd. bq 

7-n Fl t i - ices  l a b e l e d  by even nunibers can b e  obtaincd by i n v c i - t i n s  C. 

w i t h  u becau;e t h e y  1-~3:Cc a ilii.i-ror p a i r  as f a r  as  t h e  coord ina te  
- 2  

s y s  tciii 5 s concerned, 

7-  11 - 2,- - 2  ’ cn E= 0 c u n -2 2, 4 ,  and G. 



This  equat ion,  because of t h c  ant iconlinut-ation r c l a t j  on o f  a ‘K,  - 
r e s u l t s  I n  siniply changing of s i g n s  of t h e  c o e L f i c i e n t s  of 0 

u components. 
-Y 

and 
‘X 

Consequently we can 17rite ,C I1 i n  a g e n e r a l  form as 

. .  

The c o e f f i . c i e n t s  f g and hn are t a b u l a t e d  i n  Table  I f o r  a l l  n’ n 

s e x t a n t s .  

n - n f - 

1 1 

2 0 

3 -1 

4 

5 

1 

0 

6 -1 

1 

-1 

1 

-1 

1 

-1 

n h - 

1 

-2 

1 

1 

-2 

1 

TABLE I 
The c o e f f i c i e n t s  i n  the  t ransmiss ion  i aa t r i ce s  

A s  i n d i c a t e d  by t h e  form of t h e  t ransmiss ion  mat r ices  C n , t h e  
- 

p o l a r i z a t i o n  and ampli tude of t h e  e n t e r i n g  l i g h t  i s ,  i n  general  

n o t  pres2rvcd.  One c p n ,  h o w v e r ,  use p r o j e c t i o n  o p e r a t o r s  t o  de- 

compose th, emerging hcam i n t o  two p o l z r i  za t ior i  componcnts a long 

d i r e c t i o n s  o t h e r  than i and j .  
h A 

I n  p a r t i c u l a r  we w i l l  coiisider one 
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conl.poncnt p a r a l l e l  t o  t h e  jnciclent p o l a r i  z a t i o n  and  t h e  other per-- 

penclicular t o  i t .  

t h e  d i r e c t i o i i  such t h a t  i t  makes an angle 0 w i t l i  i as shown i n  F i g .  2 ,  

s o  i t  has t h e  form u - = u (,Os ">. The e igenvec tors  of t h e s e  p r o j e c t i o n  

Assume t h e  i r n i l  Ynging r'iy i s  l i n e a r l y  p o l a r i z e d  i n  
h 

o s i n  0 

o p e r a t o r s  are,  I 
I 

c 
J 

r e s p e c t i v e l y  f o r  the components 

p a r a l l e l  and perpenc1i.cular t o  

t h e  incident:  p o l a r i z a t i o n .  Thus I 
t h e  normal i z e d  complex aiiipl.itudes 

of t h e  emergin?, 1igl;lt froin 11 

I 

t h  

s e x t a n t  f o r  t h e s e  t v o  components 
~ 

are, 
FIG. 2 

Assumed P o l a r i z a t i o n  S t a t e  of Inc ident  

Light .  
~ 

= 5 3. fncn s i n  20 + hn$-n cos 20 

The  pol a r i z a t i  on p r o p e r t i e s  of t h e  emergent heFiri a r e  detc.1-mined 

n n 
by the phase between ylr andy, which i n  t u r n  may be cxpresscd a s  



, 

1 
For a s i n g l e  

5 f r a c t i o n  i s  

p o l a r j  z n t i o n  t he  i n t e g r a l  governiiig Fraiinhofer d i f -  

where U (P) i s  t h e  amplit-Ly.:L. a t  p o i n t  P ,  p and q are def ined  as t h e  

d i f f e r e n c e  of t h e  d i r c c t i  on cos ines  between t h e  p o i n t  of observa t ion  

P and t h a t  of t h e  d i r e c t i o n  of inc idence .  The reg ion  of  i n t c g r a t i o n  

is t h e  area of t h e  a p e r t u r e - s ,  The cons tan t  B i n  f r o n t  of t h e  inte- 

g r a l  i n  Eq.  (5) expresses  t h e  i n t e n s i t y  and phase of  t h e  emerging 

l i g h t  which zre c o n s t a n t  over the  whole area S. I f ,  as a s imple  

example, t h e  phase and amplitude a r e  t h e  s m e  i n  each of t h e  s e x t a n t s ,  

t hen  t h e  r e s u l t  i s  t h e  well-known d i f l r a c t i o n  p a t t e r i l  f o r  a c i r c l e  of 

r a d i u s  a, \ 

J O J  0 

5 
whcrcl .  a npw q ~ t  o f  r n n r d i n a t - e d  (v:$) v e r e  introduced t o  d e s c r i b e  

the porints on t h e  p l a n e  of observa t ion  r e p l a c i n g  (p,q) ;  and ( p , @ )  

were intro2uccd t o  d e s c r i b e  t h e  p o i n t s  on t h e  r e g i o n  of  j n t e g r a t i o n  
5 

r e p l a c i n g  (0 ,B) .  These RIC obtainrd by t h e  t ransformat ion  

p cos Q = a ,  p s4n 0 = B * 



Mere 1.7 is  t h e  ' s i n e  of t h e  angle  which t h e  d i r e c t i o n  ( p , q )  makes with 

t h e  c e n t r a l  d i r e c t i o n  p = q = 0 .  The d i f f r a c t i o n  p a t t e r n  f o r  tile 

c l r c u l a r  h o l e  is  c i r c u l a r l y  syrmctric and i s  independent of $. But 

i f  we cons ider  t h e  c a s e  of t h e  i i g h t  emerging from a s ix-sec tored  

c i r c l e  w i t h  d i f f e r e n t  phase and amplitude f o r  each s e x t a n t ,  as i n  

Fig.  3, t h e  d i f f r a c t i o n  p a t t e r n  l o s e s  i t s  s imple  form and, i n  g e n e r a l ,  

t h e  i n t e g r a l  depends on t h e  angle $. Because of t h e  kind of t ransformat ion  

we made above , th i s  p o l a r  angle  9 i s  

measured from t h e  same a x i s  as Q i s  

neasured,  t h a t  is, counter-clockwj s e  

from 3-axis when f a c i n g  t h e  source  

of r a d i a t i o n .  Using t h e  same new 

FIG. 3 
Zero Line of P o l a r  Angle $. 

. _ _ _  

c o o r d i n a t e s  a s  i n  E q .  ( 6 ) . $  t h e  d i f f r a c t i o n  i n t e g r a l  over  the  six-- 

s e c t o r e d  c i r c l e  then  becomes 

where t h e  13 d e s c r i b e s  t h e  phase and a a p l i t u d e  of t h e  l i g h t  of a 

p a r t i c u l a r  p o l a r i z a t i o n  coning from each s e x t a n t  of t h e  c i r c l e .  

n 
It 

is assumed t h a t  t h e  ~ h a s c  and am:,litude i s  c o n s t a n t  over  a given s e x t a n t .  

Since our i n t e r e s t  i s  i i i  the d i s t r i b u t i o n  of t h e  energy, w e  can nornnalize 

the amplitude such t h a t  i n  t h e  case of a c i r c u l a r  "per fec t"  mir ror ,  

whi-ch is  perpendicular  t o  t h e  d i r e c t  Toil of inc idencc  t h e  c e n t r a l  
2 

i n t e n s i t y  I = I U ( 0 , O )  I i s  c n i t y .  This y i e l d s  
0 
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where A(P)  i s  the norinalizrd cor:ipIex amplitude of t h e  d i f  f rpc t io r i  and 

y 
n i s  the normalized coinp~ ex a n i p ~ i  t u d c s  of tile nth s e x t a n t .  

6 To eva l i ia te  t h e  i n t c g i a l  j n  Eq.  (7 ) ,  we u s e  t h e  forniulas 

co 
k 

COS ( Z  COS 0) J0(z) -I- 2 1  (-) J ( z )  COS (2k0)  2k k-1 

m 
k s i n  ( z  cos 0) = 21  (-) J2k (2) cos [ ( 2 k  + 1)0] , 

k= 1 

where J (2) a r e  the  E e s s e l  func t ions ,  t o  s e p a r a t e  t h e  r a d i a l  and 

angu la r  p a r t s  i n  t h e  i n t e g r a l .  After eval-uating t h e  angular  p a r t ,  

w e  o b t a i n  

2 k .  

where x E kaw, y E kpw. 

It i s  well. k n o m  t h a t  

but the second i n t e g r a l  which Invc1~:cs h lg l ic r  o r d e r s  of t he  Bessel 
f u n c t i o n s  can b e  expressed i n  teriiis of t h e  Besssl 
f u n c t i o n s  o r  i n  a po::.er s e r i e s  of x. I n  e i t h e r  case  t h e  s e r i e s  c:i:?vc1-ges 

r a t h e r  quit-kly, and has t h e  form 6 



o r  

For R = 0, b o t h  E q s .  (10) and (11) w i l l  reduce t o  Eq. ( 9 ) ,  
00 

n o t j c i n g  .J (x) = $ 1 (-x”4)m 
Ill! (Ill + 1) ! m=O 

i n  t h e  case of Eq. (11). 1 

Since  t h e  i n t e g r a l  i s  .i\rell-determi.ned, we can, f o r  s h o r t ,  d e f i n e  

a n e w  f u n c t i o n  F (x) as i n  the  foll.owing: R 

Then t h e  E q .  (8) can be  r e w r i t t e n  as 

n I n  the  case of a “ p e r f e c t ”  mir ror ,  a l l y ’ s  are equal  t o  u n i t y ,  
00 

( o m i t t i n g  t h e  comnion phzse;)  then 1 yn/6 = 1 p l u s  
n= 1 

f o r  a l l .  II and 4 ,  consequcntly E q .  (13) r e d u w s  t o  t h e  forni of Eq.  (6) 

as we expected. 
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This  dj-scussion h s s  been f o r  a s i n g l e  p o l a r i i a t i o n .  In genera l ,  

(and f o r  t h e  corner  r e f l e c t o r  i n  p a r t i c u l a r )  t h e  p o l a r i z a t i c n  from 

each of t h e  s e x t a n t s  may n o t  b e  the  sane. S i n c e  beams of o r thogonal  

p o l a r i z a t i o n  do  n o t  i n t e r f e r e ,  we may c a l c u l a t e  t h e  d i f f r a c t i o n  

p a t t e r n  due t o  each p o l a r i z a t i o n ,  c a l c u l a t e  t h e  i n t e n s i t i e s  due t o  

each p o l a r i z a t i o n ,  and t h e n  add t h e  i n t e n s i t i e s .  Although t h i s  

may be  done f o r  a r e s o l u t i o n  i n t o  any p a i r  of or thcgonal  p o l a r i z a t i o n  

s ta tes ,  Tire w i l l  f i n d  i t  convenient t o  cons ider  or thogonal  l i n e a r  

p o l a r i z a t i o n s .  

_. . 
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IV. DIFFIULCTION PhTTEkYS A S  A FUNCTION OF THE REFLECTING SURFACE 

The r e s u l t s  of t h e  l a s t  s e c t i o n  a r e  expressed i n  terms of t h e  

phase and amplitude of t he  l i g h t  on each s e x t a n t .  

b r i g i n a l l y  p lane  para1 1 e l  l jgh t :  of uiiiform i n t e n s i t y ,  then t h e  phase 

and a m p l i t u d e  of each s e x t a n t  may be expressed as a func t ion  of t h e  

phase and absor;)tio:i a t  a glass-metal  o r  g l a s s - a i r  i n t e r f a c e  a t  t h e  

ang le  which occurs  i n  t h e  corner  r e f l e c t o r .  This  was done i n  Sec t ion  

TIe We may now use Sec t ion  I1 t o  express  t h e  d i f f r a c t i o n  p a t t e r n  i n .  

teras of t h e  c h a r a c t e r i s t i c  of t he  i n t e r f a c e .  

I f  t h e  l i g h t  was 

We aga in  t rea t  each of t he  outgoing p o l a r i z a t i o n s  s e p a r a t e l y .  

n n F i r s t  w e  s u b s t i t u t e  t h e  va lue  of y l l  and yn obta ined  from Eq.  ( 4 )  

i n t o  Eq. (13) and then  sun1 over n from 1 t o  6. A f t e r  somewhat I tng thy  

a l g e b r a i c  c a l c u l a t i o n  we o b t a i n  the  express ion  of t h e  m m a l i z e d  

ampli tude f o r  both p o l a r i z a t i o n s  t o  be 1 

- 

(15) 
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It is i n t e r e s t i n g  t o  n o t e  t h a t  t h e  d i f f r a c t i o n  p a t t e r n  of a corner 

r e f l e c t o r  depends s o l e l y  on f o u r  b a s i c  f u n c t i o n s  r e g a r d l e s s  of the proper ty  

i of t h e  r e f l e c t i n g  s u r f a c e .  The diffel’encc i n  t h e  p r o p e r t i e s  of t h e  

r e f l e c t i n g  s u r f a c e s  shows i n  t h e  values of 5, n and r, which a f f e c t  only 

t h e  s t i e n g t h s  of t h e s e  f o u r  func t ions .  
We can now d e f i n e  f o u r  G- func t ions  G (x), G (x,$;O), G2(x,$) 

3 

0 1 

and G (x,iC,;O) as i n  t h e  fol lowing.  

Then E q s .  (14) and (15) can be  r e w r i t t e n  as 

Thus both  ampli tudes may b e  expressed a s  coinbinr.tj r m s  of t h e  GJfunctions. 



8 .  

A computer c a l c u l a t i o n  of t hese  func t ions  could be made t o  g ive  tlhe 

d e t a i l e d  d i f f r a c t i o n  p a t t e r n s  f o r  any type  of corner  r e f l e c t o r ,  bu t  

th l s  w i l l  no t  be done i n  t h e  p re sen t  p a p e r .  

We are  a l s o  i n t e r e s t e d  i n  t h e  energy d i t c h  l i e s  w i t h i n  a given ‘ 

angular  r a d i u s  of t h e  c e n t e r  of thc beam. L e t  L(w1 dcziote t h e  f r a c t i o n  

of t he  t o t a l  energy which l i e s  wi th in  an angular  r ad ius  w. Thus we have 

where X = 2 n / k  i s  t h e   r rave length of t h e  l i g h t .  The i n t e n s i t y  is  g iven  

where x = kaw as be fo re .  

Using Eqs .  (20) a.nd (21), we ge t  

(232 

Noting t h a t  t he  angular  i n t e s r a t i o n  cance ls  t he  c r o s s  tenis , we niay 
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c a l c u l a t e  each tenn t o  ob ta in  

The energy w i t h i n  t h e  f i r s t  zero of t h e  Airy d i s c  i s  g iven  by 

E(w ), where w 

y i e l d s  

= 3.83/ka. Evaluat ing the above c p r e s s i o n s ,  t h i s  
0 0 

2 2 2 
L(wo) = 0.84 I C 1  + 0.44 1'1 + 0.06 . (2 4 1 

As 2n simple i l l u s t r a t i o n ,  l e t  u s  cogs ider  t h e  v a l u e s  of the para- 

meters such t h a t  t h e  r e f l e c t i o n  s u r f a c e  of a corner  r e f l e c t o r  a c t s  

as an "per fec t"  mir ror .  These are given by condi t ions  

. .  rL 3- rlr = 0 

and 

rJ - rll = 2 exp(j.6,) . 

Siihsti.t .uting t h e s e  va lues  i n t o  Eq.  (21, w e  o b t a i n  

. .  
T h i s  r e s u l t  reduces E q s .  (20) and  (21) t o  w h a t  we expect  from a 

circii lar apci-Lure, t h z t  is 

25 I(") 
A,, =: -cxp(i36,;) -.- , A L = O  . 

X 
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Thus a corner r e f l e c t o r  whose back su r faces  a c t  as a "per fec t"  m i r r o r  

h a s  t h e  same d i f i r a c t i o n  p z t t e r n  as a "per fec t"  f l a t  c i r c u l a r  m i r r o r .  



V. EXPECTED PATTERNS FROM COILZiEIR KZFLECTORS COATED bJIIi! ALUMLI\: UM, 

SILVER, UNCOATED, LJXI 0PK.W C O W E R  REFLECTORS 

Since  t h e  d i f f r a c t i o n  pat teLn of a corner  r e f l e c t o r  i s  a l i n e a r  

combination of t h e  f o u r  G-functions, w e  need only c a l c u l a t e  t h e  

s t r e n g t h  c o e f f i c i e n t s  5, TI and < of d i f f e r e n t  coa t ings  (See Appendix). 

The cases considered are  uilcoated . s o l i d  corner  r e f l ec to r s  as w e l l  as 

r e f l e c t o r s  coated v 5 t h  aluminum, and w i t h  s i l - v e r .  In  a d d i t i o n ,  open 

c o r n e r  r & f l e c t o r s  having aluniinum and s i lver  as r e f l e c t i n g  s u r f a c e s  

are considered.  A s  an i l . l u s t r a t i o n ,  t h e  s t r e n g t h  c o e f f i c i e n t s  5, 

rl, and some o t h e r  r e l a t e d  q u a n t i t i e s  are  t a b u l a t e d  i n  Table  11. 

There,  t h e  wavelength of t h e  l i g L t  considered i s  6943 H which i s  t h e  

v a l u e  of t h e  ruby p u l s e  l a s e r .  T h e  index of r e f r a c t i o l i  of t h e  g l a s s  

of t h e  s o l i d  corner  r e f l e c t o r  i s  cssurncd t o  be  1 .5  (approximately t h e  

index  of fused  s i l i c o n ) .  The i n d r s  of r e f r a c t i o n  n and th: absorp t ion  

c o e f f i c i e n t  k of t bme ta l s  were taken from Schulz and T a n g h e r l i n i  . 
- _. 

7,s 

We a l s o  e::amine t h e  r e f l e c t i o n  l o s s  of a c o m e r  r e f l e c t o r .  Lzt 

E 

energy r e t u r n i n g  from i t .  Then, r a t h e r  than i n t e g r a t e  t h e  d i f f r a c t i o n  

denote  t h e  t o t a l  energy e n t e r i n g  t h e  r e f l e c t o r  and E i n  o u t  t h e  t o t a l  

i n t e n s i t y  we can c a l c u l a t e  E by us ing  t h e  m a t r i c e s  in t roduced  i n  o u t  

S e c t i o n  11. 
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I 

Noticing 

6 6 6 6 c f n  = c gn - - c hn -- c f n  En = c 6, hn = c h n f n = O  
n= 1 n= 1 n= 1 n= 1 . n = l  n= 1 

from Table  I ,  we o b t a i n  

2 
S i n c e  t h e  f r a c t i o n  o f  energy d i s t r i b u t e d  i n  G (x) a lone  i s  [ € I  , we can 

conclude t h a t  t h e  e x t r a  terms 2101 

d i s t r i b c t e d  i n  C (x,$;@), G (x,$;O) and G2(x,$).  

(Eout/Ein) of d i f f e r e n t  cases considered a re  l i s t c d  i n  T ~ . b l e  11. 

0 
2 2 

and are t h e  fracCioris of e n e r g y  

The energy r a t i o  1 3 

The f r a c t i o n a l  energy contained w i t h i n  t h e  f i r s t  z e r o  of G ( x ) ,  
0 

as given i n  E q .  (24),  i.s a l s o  l i s t e d  i n  Ta-ble I1 f o r  t h e  case:: coi::..idered. 
.~ 

S o l i d  Corner Refle-ctor Open Corner T o t a l  I n t e r n a l  

w i t h  Back Coat i I ig  * ' Ref l e c t o r  R e f l e c t i o n  

A 1 Ag A I  n=l .  5 . .  Ag 

n? v a -  0.989 0.906 0.3s2 0.937 1.0 

PI1 2 0.970 0.750 0.978 0 . 8 2 4 .  1.0 

0.290 kI2 0.929 0.5G2 0.953 0. GO3 

l n I 2  7 . 7 5 0 ~ 1  0-4 O . l r 6 G ~ 1 0 - ~  0 . 9 4 4 ~ 1 0 - ~  O.OLt7xlO-I' 0.316 

-3 Id2 6. G ~ G x I O - ~  1 . 2 0 8 ~ 1 0  2 . 2 9 0 : : ~ 1 - ~  0 . 2 6 ~ ~ 1 0 - ~  0.079 

L(K ) 78.1% 4 7 . 2 %  80.1% 50.72 39.0% 

Eout'Ei n 

0 

93.9% 56.3% 95. ( 8 %  60.42 100% 

Ta5le T I  Cal c u l a t c d  c s p c c t z t  i r , : i s  o f  cncrgy concent ra t ion  
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I n  F ig .  '4 the d i f f r a c t i o n  p a t t e r n s  taken  from an  uncoated c o m e r  

j r e f l e c t o r  are shown: S ince  t h e  p o l a r i z a t i o n  angle  0 i s  chosen t o  be 

zero ,  t h r e e  of t h e  f o u r  G-functions wi th  angular  dependence reduce 
I 

I 
I 

t o  a sin:pl.er foim of 

2 4  

7[ 
G2(xJO) = - c (-In1 "+6in (x) s i n [ ( 3  + 6m)$] (27) 

m=O 

I n  Fig.  4a t h e  symmetries of the p a t t e r n  are: (1) "up t o  down" 

syrurnetry corresponding t o  "I) t o  -$'I syrrmletry i n  i n t e n s i t y  I!,(x,$; 0 )  , 

(2) " l e f t  t o  r i g h t "  synmetry corresponding t o  "$ 

Now ve examine Eq. (26) which i s  r e spons ib l e  f c r  t h e  angular  dependence 

.k t o  51-1)" symmetry. 

of All(x,$; 0). Since  GI(" '  $; 0) con ta ins  cos  [ (2R + 6111) $1, one sees t h r t  

cos[(2R -:- 6m)(-$)] = cos[(2R + Gm)$], 

and 

C O S [ ( ~ R  + 6111)(7i-$)] = C O S [ ( ~ R  + 6m)?'-(2R + 6i11&] 

= cos[(2k -!- 6rn)OI 

would a s su re  t h a t  

* These twc s:-mr,etrie.s vould au tomat ica l ly  inc lude  + t o  $.?-x s jxmc t ry ,  
$ . e .  i .nvert-ion throu:;h t h e  o r ig in .  
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Consequently the amplitude d i s t r i b u t i o n  f u n c t i o n  

I n  F ig .  4b t h e  p a t t e r n  does not possess  as h i g h  t h e  symmetry as 

t h a t  of F ig .  4a.  

symmetry corresponding t o  "+ t o  --I)'' synmetry. Exemining E+ (27)  and 

The only symmetry d i sp layed  h e r e  i s  "up t o  down" 

(25) one s.ees t h a t  G (x,$) and G (x,$;O) c o n t a i n  s i n [ ( 3  + 6m)$] and 2 3 

sin[(2R + 6m)$], r e s p e c t i v e l y .  Under t h e  o p e r a t i o n  of "I) t o  -+'I 

both  terms change s ign  simuI.taneously, changing only t h e  phase of t h e  

field AL(x,$;O) by 180'. Consequently t h e  i n t e n s i t y ,  I,(x,$;O) = 

A I (  x ,  $ ; 0 )  A,(x, I) ; 0 )  would reinain syn,;)e t r i c  

In  addiLion t o  t h e  symmetry proper ty ,  F ig .  4b shows s e v e r a l  dark  

l i n e s .  One of t h e s e  i s  t h c  h o r i z o n t a l  l i n e  going through t h e  o r i g i n .  

T h i s  l i n e  corresponds t o  $=O. 

we g e t  G2(x,0) = 0, G3(x,0;O) = 0 ,  and so vanishes  t h e  ai lpl i tude 

I n s e r t i n g  i p 0  i n  E q s .  ( 2 3 )  and (28)  

A,,(x,O;O). 

o r i g i n  a t  t h e  angles  $= f ~ r / 3 .  I n s e r t i n g  I$= fir/3 i n t o  E q .  (27)  one 

f i n d s  t h a t  G2(x,+?r /3) = 0 whereas G (x, 5 ~ / 3 ; 0 )  docs  n o t .  

the i n t e n s i t y  along t h e  l i n e  YJ= % / 3  is  c o n t r i b u t e d  only  by G ( x , * ~ / 3 ; 0 ) ,  

I t  i s  less  i n t e n s e  than i t s  near Iieig3Lbsrhacd where both  G?(x,J,) and 

G ~ ( x , $ ;  0 )  c o n t r i b u t e .  F i n a l l y  one n o t i c e s  t h e  dark  o r i g i n .  To v e r i f y  

t h i s  one must review the E q s .  (11) and ( 1 2 ) .  Cnnbjning t h e s e  two 

?.here are a l s o  two s e c t i o n s  of dark lilies paqsing through 

Therefore  
3 

3 

L 

e q u a t i c n s  w e  g e t  



where R i s  any p o s i t i v e  i n t e g e r .  T h S s  E q .  (35) shows t h a t  F ( O ) = O .  

Therefare G ((I,$) and G 3 ( o r J ~ , O )  van ish ,  I-eaving a dark  p o i n t  a t  t h e  

c e n t e r .  

R 

2 

r 

I 
1.- 

i ; c )  ; 

i 
I.. . . . i , '  .. . 

FIG. 4 

I 
..I 

DIFFRACTION PATTERNS 

An uncoated corner  r e f l e c t o r  w a s  used t o  demonstrate  tlie p o l a r i -  

The inc iden t  beam vas p o h r i z c d  a long  t h e  i - a x i s  such 
h 

z a t i o n  e f f e c t .  

that- t h e  angle  O=O. The corner  r e f l e c t o r  has t h e  f r w t  f ace  of 1 1 / 2  

inch i n  d i a x e t c r .  

S a m  aperture as tha corne r  L - C ~ I P ~ L O I - .  (b7) T o t a l  d i f f rncL ion  p a t t e r n  

(aj  D i f i r a c t i o n  p a t t e r n  from a f l a t  m i r r o r  w i th  t h e  

from the corner  r e f l e c t - o r .  

z a t i o n  p a r a l l e l  t o  tlie inc3.dcnt be;.:;!. 

tli e I) o 121- i. z a t i  on p c i'p cnd i cu 1 a I t o  t h  c i.1, c i ri c' 1. t 1) F' i7 111. . 

(c)Di f f r a c t i ~ o i i  p a t t e r n  trhich has  t h e  p o l a r j -  

(d) D i f f r a c t i o n  psttci-11. whfcIi 112s 



, 
1 I n  t h i s  s tudy  of t h e  f a r  f i e l d  d i f f r a c t i - o n  p a t t e r n  f o r  a cOriier 

I 
I r e f  l e c t o r ,  we considered, mong o the r  t h i n g s ,  mainly t h e  energy con- 

c e n t r a t i o n  a t  t h e  c e n t i d 1  region.  

The purpose of t h j s  p a r t i c u l a r  c o n s i d e r a t i o n  i s  t o  i n v e s t i g a t e  

t h e  p o s s i b i l i t y  of ranging t h e  moon with an  o p t i c a l  r a d a r  system on 

the ground and t h e  corner  r e f l e c t o r s  on t h e  inoon. Thus q u a n t i t a t i v e  

informat ion  on t h e  concent ra t ion  of t h e  r e t u r n i n g  s i g n a l  i s  t h e  p r i -  

m r y  i n t e r e s t .  

The d i f f r a c t i o n  p a t t e r n  from a c i r c u l a r  a p e r t u r e  i l lumina ted  

uniformly by a p lane  wave conta ins  about 842 of i t s  energy withlin 

t h e  angular  r a d i u s  of 1 . 2 2  Xfd, where d i s  t h e  diameter  of t h e  

~ 

a p e r t u r e .  For a corner  r e f l e c t o r ,  however, when t h e  t o t a l  i n t e r n a l  

r e f l e c t i o n  i s  emp!oyed t o  minimize t h e  r e f l e c t i o n  loss, t h e  d i f -  

f r a c t i o n  p a t t e r n  o f  t h e  r e t u r n i n g  beam c o n t a i n s  less than  h a l f  of 

the energy i n  t h e  S a m  angular  r a d i u s  a s  compared t o  t h e  c i r c u l a r  

a p e r t u r e .  It i s  because t h e  p o l z r i z a t i o n  e f f e c t s  mani fes t s  i t s e l f  

t o  a g r e a t e r  e x t e n t  i n  t h e  t o t a l  i n t e r n a l  r e f l e c t i o n .  There i s  l i t t l e  

. t endency  t h a t  t h e  f i e l d  a t  p o i n t s  f a r  away from t h e  c e n t r a l  reg ion  

would be  cance l led  a s  i t  would be  i n  t h e  cgse o f  c i r c u l a r  apcr tuse .  

The consequence i s  a g r e a t e r  spread of energy. ZoaLi,ig t5z 5 a c t  

su r face ;  of t h e  corner  r e f l e c t o r  with metals  would general  l y  improve 

t h e  performance i n  t h e  s e n s e  t h a t  more energy would tend t o  c o n c c n t r a t e  

i n  t h e  c e n t r a l  r eg ion .  R u t  t h e  absorp t ion  by t h e  m e t : l l  vould reduce 
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t h e  r e t u r n i n g  i n t e n s i t y .  The l i g h t  enterjig a corner  r e f l e c t o r  has  t o  
, 

b e  r e f l e c t e d  t h r e e  t imes b(.fore cn:ergjng, t hus  

h i g h  r e f l e c t a n c e  a t  t h e  r c i I e c t i n g  i n t e r f a c e  i s  g r e a t l y  s i g n i f i e d .  

the d e s i r a b i l j  t y  of 

The p a r t i c u l a r  geometry of the corner r e f l e c t o r  predetermined 

t h e  b a s i c  s t r u c t u r e  of i t s  d i f f r a c t i o n  p a t t e r n  as a conibination of 

f o u r  f u n c t i o n s .  The d i f f e r e n t  o p t i c a l  c o n s t a n t s  of t h e  d i f f e ren t :  

r e f l e c t i n g  i n t e r f a c e s  provide merely t h e  d i f f e r e n t  s t r e n g t h  coef- 

f i c i e n t s  f o r  each of t h e s e  f o u r  functbns,  namely 5, nand 5. Three of 

t h e s e  f o u r  'functions do n o t  diminish r a p i d l y  as t h e  argunent i n c r e a s e s .  

Therefore  t h e  high v a l u e  of t h e  s t r e n g t h  c o e f f i c i e n t s  of t h e s e  t h r e e  

f u n c t i o n s ,  namely rl and 5 ,  would r e s u l t  i n  t h e  wider  spread of t h e  

energy. 

-The u s e  o€ metals such-  2s s i l v e r  and a l u m i n ~ m  on t h e  back s u r f a c r s  _ _  - -_ . 

of a corner  r e f l e c t o r  would reduce t h e  p o l a r i z a t i o n  e f f e c t s  t o  such 

a n  e x t e n t  t h a t  I l l [  2 and: I S l 2  is ~r n e g l i g i b l y  sma l l .  But [ E l 2  may o r  

may n o t  b e  n e a r  t o  u n i t y .  P a r t i c u l a r l y  t h e  angle  of incklence  under 

c o n s j d e r a t i o n  is  i n  t h e  neighborhood of t h e  “ p r i n c i p j e  a n g l e  of i n c i -  

dence“ of t h e  meta ls .  Therefore  

t h e  c o e f f i c i e n t  15 I *which goes roughly as d, 
I n  o r d e r  t o  o b t a i n  t h e  h i g h e s t  p o s s i b l e  v a l u e  of 

The r e f l e c t a n c e  p z  is near  minimum. 

i s  s e r i o u s l y  e f f e c t e d .  

[ ( I2 ,  t h e  u s e  of 

h i g h l y  r e f ] - e c t i v e  me:ial.s c r e  m n s t  d e s i r a b l e .  The metal such as s i l v e r  

i s  certa21iljj a good cholce.  



REFERENCES 

1. E .  R.  Peck, J .  O p t .  SOC. Am. 52, 253 (1962). 

2. M.  M. Rao, Department of Op t i c s ,  U n i v e r s i t y  of Roches te r ,  
Roches te r ,  New York, 1963. 

3 .  P .  Rabinowitz, S .  F.  Jacobs ,  T .  Shu l t z ,  G .  Gould, J .  Opt. SOC. 
Am. 52, 452 (1962). 

4 .  P. R .  Yoder, J r . ,  J .  Opt. SOC.  An?. 48, 496 (1958). 

5. Born and Wolf ,  P r i n c i p l e s  of O p t i s s ,  2nd Revised e d i t i o n  
(Macmillan Co., N e w  York) , 1964. 

6 .  Abrnzno\.ritz and Stegun, Handbock of Mathematical. Funct ions ,  
(Dover, N e v  York) , 1965. 

7 .  L .  G .  Schulz ,  J .  Opt. SOC.  A n .  44, 357 (1954). 

8. L. G .  Schulz  and F .  R. Tangher l in i ,  J .  O p t .  Soc. Am 44 ,  362 
(1954). 


